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ABSTRACT: We extend the BMS(4) group by adding logarithmic supertranslations. This
is done by relaxing the boundary conditions on the metric and its conjugate momentum
at spatial infinity in order to allow logarithmic terms of carefully designed form in the
asymptotic expansion, while still preserving finiteness of the action. Standard theorems
of the Hamiltonian formalism are used to derive the (finite) generators of the logarithmic
supertranslations. As the ordinary supertranslations, these depend on a function of the
angles. Ordinary and logarithmic supertranslations are then shown to form an abelian
subalgebra with non-vanishing central extension. Because of this central term, one can make
nonlinear redefinitions of the generators of the algebra so that the pure supertranslations
(¢ > 1 in a spherical harmonic expansion) and the logarithmic supertranslations have
vanishing brackets with all the Poincaré generators, and, in particular, transform in the
trivial representation of the Lorentz group. The symmetry algebra is then the direct sum
of the Poincaré algebra and the infinite-dimensional abelian algebra formed by the pure
supertranslations and the logarithmic supertranslations (with central extension). The pure
supertranslations are thus completely decoupled from the standard Poincaré algebra in the
asymptotic symmetry algebra. This implies in particular that one can provide a definition
of the angular momentum which is manifestly free from supertranslation ambiguities.
An intermediate redefinition providing a partial decoupling of the pure and logarithmic
supertranslations is also given.
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1 Introduction

The possibility to perform “logarithmic translations”
=t +Clinr (1.1)

without changing the asymptotic form g,,, — 1., = O (%) of the metric was already pointed
out in the early 1960’s [1]. The physical implications of these coordinate transformations
were shown in [2] not to affect the definition of energy-momentum and angular momentum,
implying that these were somehow pure gauge (see also [3]). Related studies include [4-9].

Besides logarithmic translations, logarithmic supertranslations where the coefficients
C*, instead of being constants, depend on the angles, have also been contemplated [4, 7-9].
But because they induce logarithmic terms in the metric and hence conflict with its 1/r
asymptotic decay, they have not been studied much. However, one might wonder whether
this is due to a choice of boundary conditions that is too strict. The logarithmic terms
induced in the metric by logarithmic supertranslations can perhaps be tamed. In other
words, can one extend the formalism so as to accommodate logarithmic supertranslations
as symmetries? Exhibiting all the symmetries of a theory usually sheds useful insight on
its structure.

We show in this paper that it is possible to consistently include logarithmic super-
translations provided the coefficients C* (0, ¢) are submitted to parity conditions that we
explicitly spell out. These conditions imply that the logarithmic supertranslations that are
incorporated in our formalism are parametrized by a single function of the angles, like the
supertranslations. This function is naturally decomposed into an even and an odd part
(under the antipodal map) in our 3 + 1 presentation, associated with spacelike and normal
logarithmic supertranslations, respectively.

A hint that logarithmic supertranslations could be included, and the way to proceed,
are given by the study of gravity in five dimensions [10, 11]. The “Coulomb part” of the
metric decays in D = 5 as 1/72, and in order to exhibit the full symmetry, it is necessary to
include a term that decays slowlier (1/r) but takes the explicit form of a diffeomorphism
transformation (“improper gauge transformation” [12]). As we shall show, the procedure for
including logarithmic supertranslations in D = 4 parallels these steps, with the Coulomb
part behaving now as 1/r and the improper gauge part involving the slowlier decaying
logarithmic term logr /7.

The logarithmic supertranslations provide an infinite-dimensional extension of the
standard BMS group exhibited first at null infinity [13-16] (for recent reviews, see [17-19])
and later at spatial infinity [20, 21]. This extension will be called the “logarithmic BMS
algebra”. With the definition of the Lorentz generators that naturally arises, the logarith-
mic supertranslations turn out to transform in the same infinite-dimensional irreducible
representation of the Lorentz group as the supertranslations (quotientized by the four-
dimensional invariant subspace of ordinary spacetime translations), even though they are
characterized by functions with opposite parities under the antipodal map. Logarithmic
and BMS supertranslation charges form furthermore a centrally extended abelian algebra
such that the logarithmic supertranslation charges are canonically conjugate to the pure



supertranslation charges (corresponding to ¢ > 1 in the expansion in terms of spherical
harmonics, i.e., beyond the ordinary energy and momentum). One can take advantage
of this property to redefine the homogeneous Lorentz generators so as to eliminate some
features of the BMS algebra that have puzzled the relativity community ever since the
BMS symmetry was discovered. These features arise because pure supertranslations do not
commute with the homogeneous Lorentz transformations.

Three of these intriguing properties are:

o (Angular momentum ambiguity) It follows from the non-vanishing of the bracket of
the pure supertranslations with the homogeneous Lorentz transformations that the
angular momentum transforms under pure supertranslations. This non-invariance
comes on top of the familiar non-invariance of the angular momentum under ordinary
translations, but there one knows how to define an intrinsic angular momentum in
terms of Casimirs of the Poincaré algebra, which amounts to compute the angular
momentum with respect to the center of mass worldline. A similar construction for
supertranslations appears to be more intricate for the full BMS algebra.

o (Soft dressing by boosting) The Poisson brackets of the homogeneous Lorentz gen-
erators with the pure supertranslations involve not only the pure supertranslations,
but also the standard 4-momentum P* [15]. Thus if one boosts or rotates a solution
with P* # 0 one generates in general a solution with non-vanishing value of some
pure supertranslation charges, even if these are zero prior to the action of the Lorentz
transformation. This has raised some discussion in the literature.

o (No invariant Poincaré subalgebra) The fact that the Poisson brackets of the ho-
mogeneous Lorentz generators with the pure supertranslations involve the pure
supertranslations implies that the Poincaré subalgebra is not an ideal. At the same
time, because the pure supertranslations do not form an ideal on account of the
preceding point, they cannot be meaningfully quotientized out to get the Poincaré
algebra as a quotient algebra.

All these features can be eliminated by a nonlinear redefinition of the homogeneous Lorentz
generators that involves the logarithmic supertranslation charges. This is because the
logarithmic supertranslation charges are canonically conjugate to the pure supertransla-
tion charges.

We explicitly perform the construction of these new Lorentz generators in our paper.
Once this is done, the pure supertranslations and the logarithmic supertranslations have
vanishing Poisson brackets with all the Poincaré generators. The decoupling of the pure
supertranslations agrees with the ideas pursued in [22-25] along different quantum lines. In
particular, there are some similarities between the logarithmic supertranslation charges and
the boundary gravitons of [24, 25] which are conjugate to the supertranslations in that work.
Our considerations are, however, purely classical, do not need any form of regularization,
and fulfill automatically all necessary Jacobi identity required by consistency since we work
with a well-defined Poisson bracket. Furthermore, the new Lorentz generators manifestly
reduce on-shell to surface integrals at infinity.



Our paper is organized as follows. In the next section, we briefly review the standard
treatment of the BMS group at spatial infinity [20] and recall why logarithmic translations
(and a fortiori logarithmic supertranslations) do not appear in that approach. We then
provide in section 3 boundary conditions on the canonical variables that include terms
generated by the logarithmic supertranslations. The boundary conditions involve also a
crucial strengthening of the asymptotic behaviour of the constraints which is worked out
in section 4. The boundary conditions are then shown in section 5 to keep the kinetic
term in the action finite, a key property that enables one to use standard Hamiltonian
methods. The description of the asymptotic symmetries and the derivation through canonical
methods of their charge-generators are then successively achieved in sections 6 and 7. The
algebra of these canonical generators is computed and analyzed in section 8. We show
in particular that the pure supertranslation charges and the logarithmic supertranslation
charges are canonically conjugate. We take advantage of this property in section 9 to redefine
the symmetry generators in such a way that the pure supertranslation and logarithmic
supertranslation charges have vanishing brackets with all the Poincaré generators. We
first give a general algebraic argument to show that this is possible and provide then the
explicit redefinitions. An alternative nonlinear redefinition of the symmetry generators such
that the brackets of the pure supertranslations with the Lorentz boosts remain non-trivial
but do not involve the ordinary translations (“no soft dressing by boosting”) is also given.
The concluding section (section 10) recapitulates our results and suggests various future
developments. Finally, three appendices of a more technical nature complete our paper.

2 The BMS group at spatial infinity [20]

We recall in this section how the BMS group (and not just its Poincaré subgroup or the
bigger Spi group [26]) emerges as symmetry group of the theory (i.e., of the action and the
boundary conditions) at spatial infinity.

In the Hamiltonian description of asymptotically flat spacetimes [27-29], the possibility
to perform logarithmic translations does not appear. This is because a consistent Hamilto-
nian formulation requires additional asymptotic conditions besides the mere requirement
that (i) the metric should deviate at infinity from the flat metric by terms of order 1/r and
(ii) its conjugate momentum should decay as 1/r?2,

hij Y

gi =0+ =L+ 007, 7=z 4007, (2.1)

”
where h;; and 7/ depend on the angles only, i.e., h;; = h;j(n) and 7/ = 7 (n), where
n is the unit normal to the sphere ((n') = (sinf cos p,sin @ sin p, cosd)). For the action
to be finite! and the Poincaré transformations to be bona fide canonical transforma-
tions (with well-defined generators), it is necessary to restrict further the metric (and its
conjugate momentum).

!By finiteness of the action, we mean finiteness “on the nose”, without (foliation-dependent) regularization.
This enables one to apply straightforwardly standard theorems of the Hamiltonian formalism, in particular
the connection between symmetries, charges and their algebra.



The conditions that have been proposed in the literature are either strict parity
conditions on the leading orders of the fields [30],

hij(~=n) = hij(n),  7T/(-n) = -7 (n), (2.2)

or parity conditions twisted by an improper diffeomorphism [20, 21].2 By this, it is meant
that one allows an odd (respectively, even) part in Eij (respectively, 77), but it must take
the form of a diffeomorphism at order O(1/r) (respectively O(1/r?)). In polar coordinates
(r,z4), (z* coordinates on the sphere), the diffeomorphism-twisted conditions read explicitly

grr =1+ %Ew +0(r?), (2:3)
gra = O(r Yy, (2.4)
9aB =1°gap +rhap +O(1), (2.5)
and
=7+ 0>, (2.6)
a4 = %ﬁ”‘ +0(r ), (2.7)
7B = %ﬁAB + 073, (2.8)
where the leading orders of the metric and the momenta obey the conditions:?
Pyr = (hyr )", (2.9)
hap = (hap)®™" +2(DaDpU +gapU), (2.10)
and
7T = (7" - /GAV, (2.11)
74 = (mA)een — gDV, (2.12)
7AB — (mAB)odd | ﬁ(ﬁAﬁBV — gAY, (2.13)

We have imposed the extra condition that the radial-angular components h,4 are zero,
which insures that asymptotic Lorentz boosts are canonical transformations [20, 21]. We
have also used the fact that at the leading order relevant to the analysis, the diffeomorphisms
linearize so that their finite form is identical to their infinitesimal one.

The functions U and V', which parametrize the improper diffeomorphisms to be included
in the asymptotic form of the canonical variables, can be assumed to be odd and even,
respectively, since their even/odd parts can be absorbed through redefinitions. In the

2Strict parity conditions stronger than those of [30] have been considered later in [7] from a different
perspective.

3In writing the parity conditions, we assume that the coordinates z* transform as z#* — —2* under the
antipodal map. If one uses instead standard polar coordinates for which 6 changes orientation (§ — m — 0,

%H—%)bu‘cnotgp(gp%ap—i—ﬁ 0 2

o g aw)’ the necessary adjustements must be made.



canonical description, shifts of the even (respectively, odd) part of U (respectively, V') are
proper gauge symmetries with zero charges. Finally g5 is the metric on the round unit
sphere and D4 the corresponding covariant derivative. The indices A, B, ... of the barred
fields are raised and lowered using the metric g45 on the unit 2-sphere at spatial infinity.

The logarithmic translations are eliminated with either the strict parity conditions (2.1)
or the twisted parity conditions (2.3)—(2.13) because they induce terms that violate these
conditions [31].* The connection between this Hamiltonian result and the insightful work [2]
on logarithmic translations is that the parity conditions imposed in [30] or their weakened
twisted form [20, 21] imply that the Weyl tensor fulfills the strict parity conditions that were
shown in [2] to enable one to eliminate the logarithmic translation ambiguities. Conversely,
the strict parity conditions on the Weyl tensor considered in [2] imply the weakened parity
conditions of [20, 21] on the canonical variables assuming that the metric possesses an
asymptotic expansion in 1/r starting as above at 1/r for the metric and 1/r? for the
momenta (see appendix of [20] for precise information).

With the twisted boundary conditions (2.3)—(2.13), the asymptotic symmetry group
is the infinite-dimensional BMS group [20, 21]. The twist is essential since without it,
the remaining asymptotic symmetries are just the Poincaré transformations [30]. The
supertranslations generate shifts in U and V', which must be therefore be allowed to take
arbitrary values.

3 Asymptotic conditions

To include the logarithmic supertranslations, one must impose less stringent boundary
conditions on the canonical variables. This enlargement of the asymptotic conditions must
obey two crucial consistency requirements: first, the action must be finite for all allowed
configurations of g;;(z*) and 7% (2*), even for those which do not obey the original boundary
conditions; second, the BMS transformations and the logarithmic supertranslations must
be canonical transformations with well-defined (finite) charges.

Deriving a set of boundary conditions that fulfill these consistency conditions follows
usually a trial-and-error procedure. Rather then repeating the somewhat zig-zag way in
which the conditions were arrived at, we shall write them first and shall then explain their
various properties as we check that all the consistency conditions are met.

As we indicated, the allowed asymptotic form of the fields must generalize (2.3)—(2.13)
by incorporating, besides the terms involving U and V', terms corresponding to changes
of the fields under logarithmic supertranslations. More precisely, one must twist the
strict parity conditions of (2.1) by a diffeomorphism that involves now also logarithmic
supertranslations.

By following a trial-and-error procedure, we arrived at the following consistent fall-off

of the spatial metric and its conjugate momentum,

grr =1+ %EW + %2 (ln2 rh1oe?) 4 in p plos) 4 hﬁz)) +o(r7%), (3.1)

4This argument also eliminates logarithmic translations for the differently twisted parity conditions
proposed in [32], since the radial-radial component R should also be even in that case, while logarithmic
translations induce the odd term ~ C'n;.



-1
gra=Da+ (2 r %P + e %D 4 8% + o), (3.2)

gaB =T12Gap + (1111“0,43 —f—EAB) + 1n? 7"91(4%3 +Inroap + hf])a +o0(1), (3.3)
1
" =Inrmg, + 7 + = (ln2 TTog(2) T T Tgg(1) + 71'(5) +o(r 1), (3.4)
, Inr 1_, 1 , _
aA = " Wloé + il A4 2 (ln2 Tﬂlog( 2y T1n rwlog( 1+ 7 )) +o(r %), (3.5)
oAB BT ap i—AB 1 (lm2 radB 4 nrrB )+ AB) +o(r?) (3.6)
2 og 3 log(2) Tog(1) T 7(2) ‘ '

The twisted parity conditions for the metric coefficients are

By = ()™ + 2U = even, (3.7)
A= DAUY™ + DAU — Uy = odd, (3.8)
045 = 2(DADBU +GapU) = even, (3.9)
hag = (hap)®™ + 2(D4Up) + DaDpU°Y + G ,5U), (3.10)

while those for the momentum components read
Ty = —Vg AV = odd,
7T = (77)°U _ 2.5V — FAV,
77{0‘2 = —VGD"'V = even,
A _ (—rA)even + fﬁAV _ fﬁAV
a8 = V(D' DV — gAPATV) = odd,
=AB _ (FAB)odd | f(D Dy — —ABAV)

where U is even and V is odd. The function V is even (its odd part remains pure gauge), but
U has both odd (as before) and even parts, U = U®°" +U°% the even component being non
trivial once the logarithmic terms are included. Finally Uy is odd.’> The reasons behind these
parity assignments will be pointed out as we proceed with the various consistency checks.

Since the parity conditions will be used very often in the sequel, we recapitulate them
in the table 1.

We observe that V°4 is in fact pure gauge, i.e., one may carry it along and observe
in the end that it can be gauged away by a proper diffeomorphism, exactly as in [20]. To
simplify the computations we set from the outset 1°44 = 0. The same is actually true for
U, which turns out also to be entirely removable by a proper gauge transformation, so that
only logarithmic supertranslations with V are improper. We keep U at this stage however,
since proving its triviality is one of the essential results of this paper, which we want to
explicitly establish.

Note that most metric and momentum components have mixed parity properties due
to the twist, except (hm«, 0B, Wlog) which are even and ()\A, Tog> 7T10g B, which are odd.

SWe initially allowed also an even part (Ua)°**® # 0, but found that this part must be equal to
U™ = DU, something we already implemented in the equations in the text. The “left-over” Uga
appearing in the text have thus U3"*" = 0.



Variable | Even component? | Odd component?
U Yes No
1% No Yes
U Yes Yes
|4 Yes No
Ua No Yes

Table 1. Parity properties of leading coefficients in the asymptotic expansion of the metric and its
conjugate momentum.

A few comments are in order:

e Just as U and V parametrize the standard supertranslations, the functions U and
V parametrize the logarithmic supertranslations. Why they are only two of them
(where one would expect four) and why they are subject to parity conditions comes
from the requirements of consistency of the formalism, as we shall see below. In fact,
there are two “hidden” extra functions U, giving the other two missing logarithmic
supertranslations but consistency with the absence of leading logarithmic term in A4,
which plays a central role in the integrability of the charges, forces them to be equal
to DaU, so that they are not independent. This was explicitly taken care of in the
above formulas, which explains why U4 does not appear.

e The parametrization by the functions U, U, U, V and V of the metric and mo-

rr rA —rA AB —=AB
Mo,

mentum components hy., A, 045, hag, Wforg, T, Tiogr T o and ™7 involves

some redundancy.

O Consider first U, which is even. Given 4p (of the required form), the function
U is determined by (3.9) up to a solution of D4DpY +G45Y = 0. But the most
general solution of this equation is a linear combination of the £ = 1 spherical
harmonics erl, and so is odd or zero. Since it must be even, we conclude that
YT = 0 and that U is unique (for given 45 of the required form).

[ The same argument shows that U7° is determined by (h)°d from (3.10) up
to > =101 cm Y.L, This ambiguity corresponds to spatial translations, which
are Minkowski isometries and have no effect on hap (but do act effectively on
some of the other variables).

O The functions U™ and U4 (which is odd) are determined from (3.8) up to a

even

solution of D 4u —ua = 0. But the general solution of this equation fulfills

Auever — Dy 4 = 0. We show below that such an ambiguity corresponds to a
proper gauge transformation, so that the redundancy in the description of A4

has a clear interpretation.

O The equation (3.7) can then be viewed as defining (h;)
even part of (3.10) defines (hap)®"*", once a choice for U®*" and U, has been
made from (3.8).

even

given Ay, while the



O Similarly, one finds from the momenta relations that V is potentially determined
up to a constant, but since it is odd, it is unique and carries no redundancy. By
contrast, the function V is even and so is determined up to a constant. This
ambiguity corresponds to time translations, which are Minkowski isometries.
Time translations are redundancies for the asymptotic fields considered here, but
they are not when one takes into account all the other fields.

e The next terms in the expansions (r% In?r hﬁg@), etc) must be explictly written because

they can potentially contribute to divergences and so one must check that they are
harmless. They are generated when one performs logarithmic supertranslations (so
it would be inconsistent to set them equal to zero), but their explicit expressions
are complicated because the non-abelian character of the diffeomorphisms becomes
relevant below the leading orders, and the finite form of the transformations is intricate.
We shall only need the equations that these lower order terms fulfill as a result of
the Hamiltonian and momentum constraints H = 0, H; = 0, which in fact determine
some of them completely in terms of the leading order variables.

« We have written in the expansion (3.1) for g,, the subleading terms as o(r~?2) rather
then O(r~3) because there are contributions such as =3 Inr, which are o(r=2) but
not O(r=3). The same feature holds for the other expansions.

e We will show below when computing the charges of the asymptotic symmetries that
U can be completely gauged away by a proper diffeomorphism. This justifies the
statement made above that it would not be a limitation to set U = 0, but — as also
announced above — we shall refrain from doing so since we want to establish its pure
gauge character.

o It is interesting to compare the status of A4 for the various boundary conditions.

O The strict parity conditions of [30] do not restrict A4, except that it must be odd.
By a coordinate transformation generated by a O(1) odd vector field, which is
an allowed proper gauge transformation in that context, one can set A4 equal
to zero.

O With the boundary conditions of [20] that allows for a twist by an O(1) even
vector field, A4 is not arbitrary any more since this would conflict with the
integrability of the asymptotic boost charges. It is restricted to obey EAXA =0
(see appendix C of [21] for a detailed discussion). This enables one to set it
equal to zero by a proper gauge transformation [21], a permissible simplification
adopted in [20].

] Finally, with the more general twist involving a logarithmic supertranslation,
Aa # 0 because it transforms under such transformations (the D sU-term in (3.8)).
For that reason, one must carry 4. As we shall verify, this does not conflict with
integrability of the boost charges even though EAXA # 0 in general, because
of the presence of the additional asymptotic fields and the possibility to make
new compensating diffeomorphisms (logarithmic diffeomorphisms) in order to
preserve integrability.



4 Asymptotic form of the constraints

In addition to the above asymptotic behaviour of the fields, we must impose that the
Hamiltonian and momentum constraint functions

1 y 1
H == % (71'2]771‘]' - 271—2) - \/.6R7 (41)
Hi = —2Vj7rij 5 (42)

go asymptotically to zero faster than what the decay of the fields imply. As we shall see,
this is necessary in order to have finite Lorentz charges and finite kinetic term. This extra
requirement is similar to what was found in [20]. Writing out explicitly the consequences of
this faster decay is the purpose of this section.

The first step is to expand the constraint functions in the limit » — oco. We start with
the Hamiltonian constraint.

4.1 Hamiltonian constraint

In order to compute the asymptotic form of the Hamiltonian constraint (4.1), we need
the asymptotic form of the spatial curvature. Using the useful expressions of the radial
2 + 1 decomposition of the spatial metric given in appendix A, we find the somewhat
involved formulas:

1 1
Np (3) 3 2 .p(4) (4) 4 —4
DR =5 (mrRigy + BY) + 5 (W rRiy) +InrRig + RYO) 4o (r74) - (43)
where
3)_ 1= = NG
Rioy =5 (DaDpo** - 59) (4.4)
RO = _AT— ATt DaDph P +2D 43, (4.5)
4 2) , RATRB,(2)  ~p2 log(2) A 3 log(2
Ry = =00 +D" D" 05— A 0@ —2h083) — A poe
1 4 o
+- (30465 —0>~D"0D 40+ DeoAD "), (4.6)

@ _ @ (2) log(1) _ A 7 log(1 HARB ~ Lo aB 0
Rigy1y =402 + 4k ) =28 AtV — 0+ DD o ap— Ko — 5 (30304 —0%)
3— - 1— = —a e 1— — A
+§hg§9§—§hwe—§h9—AADAe—eDAAA+§DA9DAhTT—DAh;}DBe
— —pB— . 1— —A— _ . __p—
+9§DADBh—0§DBDChi+§DA0DAh—«9§DB>\A+9§DADBhM

— —pn S
— 04D D RS +0AA T, +§DA05DAhg, (4.7)



R® =20+2k2 | —2h@ — K@ — 1O+ D Dph@P — A n® + 252 + T, Ky

log(1)
l— — —A— 348 lo9 —A—B— — —A— —O— 1 —— 4
+§DAh,,TDAhrr+1hghf—Zh2+thBDAh—thADchg—ZDAhDAh

— —A—(— A — A —P— A 1— —pB—r—
—DuhpD o+ D R Dph ~haDcD RS +ha ATy —iDAthChg

3— —pc-a 1o — 1 — s — — —p 4 —p_a —
+ZDCh§DCh§—ihwh—§DAhDAhW+DAhWDBh§+h§DADBhW

A B o~ A 1 B —4 3— — —a4p 3 1
~DaX' DX 42BN - DX DA + S Dars D X" + 20504 - 167

_ 1 _ _ _ _
—;hf%‘+§h9—hrr6+)\ADA0+0DA)\A—GEDB)\A. (4.8)

In the above formulas, which involve the sub-subleading terms in the asymptotic expansion

of the fields (among which o45), the variables {kl(c?é@)’ kl(zg)(l), k®} are the sub-subleading

coefficients of the fall-off of the 2-dimensional extrinsic curvature:

1 1, - —
Kap=—19ap — 5Inr0ap +5 (—hAB + hirGap —0ap + Dalp + DB)\A) (4.9)

! 2 2 @) =
T <ln2 " Kog2)ap T IMT kg ap kAB) to (7“ ) : (4.10)

A direct computation shows that the square root of the determinant of the spatial

metric reads

\/gzﬁ{ﬁ—kg<ln7’9+ﬁrr+ﬁ>+0(7’)} : (4.11)

Taking into account the fall-off of the conjugate momentum given above, we then get that
the Hamiltonian constraint (4.1) behaves asymptotically as

1 =n(3) | =p@3 L g 2 2
H=— (nrvgRE) +VR®) + = (10 rHagg(2) + InrHaogy + HP ) + 0 (r72)

(4.12)
where
Hiog(2) = _\/E(Rl(f;@) + % 9R1(;2)
+ 2 [+ ek 4+ i g — Tl — (413)
Hiog(ty = ~Va[ R + 5y + TR + 0RO
+ \}? (R gy — 7 gy + 47 Ao 4 + 27 B 4 — 7 Tiog — 7 g » (4.14)
H® = —VG[RW + %(Ew +h)R®| + \}5 [%(ﬁ“’)Q + 27T + TP T ap - R - 72
(4.15)
It follows from the definition of the field 645 that R{o) = 0,
DaDpo*P —Ao4 =0. (4.16)
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Thus for generic boundary conditions, H = O (ril). However, we will impose a faster
fall-off, namely H = o (r~2). Therefore we add to the asymptotic conditions on the metric
and its momentum given in the previous section the additional requirement:

H = o(r_2> & RY=0, Mo =0,  Hign) =0, HP=0. (417

4.2 Momentum constraint

If one expands the radial component of the momentum constraint asymptotically, one gets

W = h‘TTH{Og E Nt (1n PHig(e) + M1 Hg) + Hig ) 40 (r72) . (418)
with
Hivg =2 (Danlog—minga) (4.19)
()= —2Da7* —7h+717,), (4.20)
Hig(2) = —2D AT g2y 2Mag(2) T 2T ing(2) A T 0ABTiog (4.21)
Hiog(1) = 2DA7Tlog( ) 2T log (1) — 47szg(2)+27rﬁg( )A+Err7rfgg+9§7§+2XA7Tlog+hABW1€gB
+0ApTiY — 27l D by, — % Dy a—2miod DaXp—2hy D ATy, (4.22)

Hiy=—2D Aw(f§+27r( ) — 2Mloe(1) +27ré) AP T T = 2Rl 2247 FREFA L oBTA

—2X\ Ay — 27 4D g by — N D78 —27ABD A g — 2k D AT (4.23)
Similarly, the fall-off of the angular components of the momentum constraint is given
by

Ha=Inr Hlog + H(O) (ln r Hlog( )+ Inr ’Hlog( ) 4 7—[541)) +o (r_l) , (4.24)

where

1 _

HZg = _2(DB7T1§gA + 7TlrogA) ) (425)
HY = —2(Dp7l) + 7 4 + oy 4) (4.26)
HIoE®) _ —2D pigg )4 — 204 DoTiog p — Tiag Dabpe (4.27)

HEW = —anlid o) — 2D (nfS ) + B D hipe - 2DC( 5Cog) + 7D e
— 401l — 2Dp (mEX") — 2Dpmith) + miy D By + 20 E D Xp,  (4.28)
HY = 2l ) — 2Bl — 277 P0f — 2Dp(7 XY + 27 D Np
— 9D p(FBRS) + 7 DRy + 7D g (4.29)

It follows from the expressions of the fields ngg that the logarithmic leading terms indentically
vanish, Hj,, = ’Hlog 0,

) A A ._..B
DA7T1TOg - WlogA = 0, DBﬂ-logA + ﬂ-lrogA =0. (430)
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Accordingly, the components of the momentum constraint go generically as H, = O (ril)
and Ha = O (r°). However, a faster fall-off will be necessary for finiteness of the formalism
and we thus impose

H, =0 (7”_2) , and Ha=o (T_1> . (4.31)
This is equivalent to
Hfl) - 07 H{Og@) - O, Hfog(l) - 0, H€2) - 0, (432)
and
Hf) =0, H{ng) =0, Hljg(l) =0, 7-[541) =0. (4.33)

Imposing that the constraints decay faster than what follows from the asymptotic
conditions on the fields is consistent in that it does not eliminate classical solutions, for
which the constraints hold to all orders. Furthermore, this requirement is compatible
with the asymptotic diffeomorphism symmetries given below because (i) the constraints
transform among themselves under diffeomorphisms (they are first class); and (ii) in each
case we are imposing the same extra condition that the first four non-trivial terms in the
expansion vanish.

5 Action and finiteness of the symplectic structure

The action of General Relativity in four spacetime dimensions in Hamiltonian form reads
Ixlgij, 77, N, N¥| = / dtd>z (ﬂ'ij Gij — NH — NiHi) + B, (5.1)

where B is the integral over time of a boundary term at spatial infinity, which depends on
the asymptotic form of the lapse and the shift and will be discussed below. We assume that
the metric is fixed at the two time boundaries as appropriate for the “pqg”-form — here
[ d3x (7% g;;) — of the kinetic term. This is the form of the action needed for computing,
say, the transition amplitude < gg) (x), tg\gg)(x), t; >. If instead of fixing the ¢’s at the
time boundaries, one would fix the p’s, one would need to make an integration by parts in
time to convert pg to —gp, i.e., here, — [ d3x (gijirij ). This is well known and not peculiar
to gravity. Such changes of representations are not the object of our paper, which focuses
instead on the boundary terms at spatial infinity.

The dynamical equations in Hamiltonian form follow from extremizing the action with
respect to the dynamical fields g;; and 7. Variation of the Hamiltonian action with
respect to N (lapse function) and N* (shift vector) yields the Hamiltonian and momentum
constraints H ~ 0, H; = 0.

We now prove the finiteness of the kinetic term with our boundary conditions, something
which is not manifest since there are for instance terms like [ drlo%. For definiteness,
we work in spherical coordinates. Recall that the momenta carry a density weight, so
the integration in spherical coordinates is just [ drdfdpr® gij, without ,/g. We write this
integral as [ dr § dx, where the 2-sphere integral § = $g, involves functions depending only
on the angles., i.e., we integrate first over the angles and then over r.
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The ingredients for proving finiteness of the kinetic term are:
o The (strict) parities of U, V and Uga, which are

U=0""  V=vi  Uy=U3" (5.2)

e The faster decrease of the constraints, but for this step, it is sufficient to have

H=o0(r"1),H,=o(r™!) and Ha =0(1), ie.,

R® = A7 — Ahye + DaDph™ + 2D 3" =0, (5.3)
My = —2(Da7* =74 +7,) =0,
,HES) = _Q(EBFBA =+ ﬁTA + 7TlrogA) =0, (55)

from which one easily derives
DaDp7P + 74 =0, (5.6)
using the expressions of mj;, and mj,. 4 in terms of V.

Finiteness of the kinetic term is demonstrated as follows. Inserting the asymptotic
expansion of the fields inside the kinetic term of the action, one finds

/d3$7rijilij =
In? 7 . Inr = = _AB +
/d’rdzx[ . nggBHAB + - (W{Z’ghm + nggBhAB + 748045 + 27rf0’g)\,4) (5.7)
1 - - -
+ . (ﬁrrhrr + 7B ap + 2?7"4)%) + 0(7‘_1)] . (5.8)

The o(r~—!) are harmless since the integral [ o(r~!)dr does not diverge at infinity. The other
written terms are potentially harmful and one must verify that they are zero. We examine
in turn the coefficients of @, 1“77" and %

 For the first term in the r.h.s. of (5.7), we express 771’35 in terms of V using (3.15) and
get that

fdzmggéw . 7! GG EAT — D DPV)as
_ 7! P /G004 — DD lap)V
~0. (5.9)

This integral over the sphere vanishes by virtue of (4.16). Hence, the coefficient of

2 .
In"r is zero.
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o For the second term in the r.h.s. of (5.7), we express the “log” momenta in terms of
V from (3.11) and (3.15) to get

% d’x (wfggﬁw + WﬁgBZAB + 780,45 + Qﬂfoéi A)

2 _AB; = -— __ _ —-AB . A -
:j{d [7#P04p — VGAh+ Ahy —DaDph —2DaX V| (5.10)
~ }{ &2 740,15 (5.11)

where the constraint equation (5.3) was used. By expressing now #4p in terms of U,
one finds that this remaining term becomes

jéd% 74805 = 2fd2a:\/§ (EAEB#B +ﬁ§) U~0. (5.12)
It vanishes by virtue of (5.6). Hence, the coefficient of lr‘T’" is also zero.

o Finally, for the 1/r term given in (5.8), we use the expressions (3.12), (3.14) and (3.16)
for the momenta. After some integrations by parts we get:

fd% (77" e+ 74P hap+27"" N4 )
—Tr7T\0 =17 — odd7 —rA\even =AY
:}{d%{[(ﬂ )24 2\ /GV e+ (FABY U g p -2 [(FT )Y /G D V])\A}
9 —— — — —-AB — A
—%d $\/§(Ah+AhTT—DADBh —2D A )V. (5.13)

The last sphere integral vanishes by virtue of (5.3). Furthermore, since h,, is even

and its coefficient is odd, while X4 is odd while its coefficient is even, the only term
that remains in the integral of the first line is (747)°d4h 4 5. We transform this term
by inserting the expression (3.10) and integrating by part, which yields (recalling that

U 4 is odd),

}’{ @z (F "y + 74P hap + 27X

—9 }{ 2y (DaDp(*P)* + (7)) U°4 ~ 0. (5.14)
This integral vanishes again by virtue of (5.6). Hence, the coefficient of % is also zero.

The vanishing of the % term, which is necessary for the finiteness of the kinetic term,
actually forces the parity of the functions U, V and the form of Ug'e", if we assume that 7.7,
Todd and Ei:en are independent fields. Indeed, the 1/r term reads, using the expressions of
the momenta and the constraint (5.3),

]{ da{ (7)1 = 20V ey + 7P hap + 2[(74) + VG D V]Aa}.  (5.15)

Inserting the explicit form of the fields, i.e.,

Br = (B )V 42U, (5.16)
A =DaU+DU —-Uy, (5.17)
hap = (hap)™™" +2(DaUp) + gapU), (5.18)
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(where we allow a priori an independent U4*"-term, not necessarily fulfilling U§*" =
D 4U°4) we find that the above integral becomes

%de’{ o Q[EA(ﬁAB)Odd + <ﬁrB)even] UB _ 2[EA(ﬁTA)even o %odd]U (519)
—2/G(AV + V)T —2y/G DAV (Us — Dal) (5.20)
+ 2[(ﬁrr)0dd . EA(FTA)even} 0 _ 2\/5‘7(37"7“)6‘/&1} ) (521)

The line (5.19) vanishes by virtue of the asymptotic constraints (5.4), (5.5), which imply
Dy —zodd =0, (5.22)
EA(fAB)Odd + (%TB)GVGH —0. (5'23)

It follows from line (5.21) that U must be even and V must be odd. The above integral
reduces then to

—27§d2x\/§ﬁAV(UA —~DaU), (5.24)
which vanishes if and only if
Use™ = DU, (5.25)

as we wanted to prove.

We have thus established the finiteness of the kinetic term in the action and hence of
the symplectic form. Finiteness of the symplectic structure is a cornerstone of our approach
because it enables one to straightforwardly apply standard Hamiltonian theorems and, in
particular, momentum map considerations. Note that finiteness holds exactly, without
having to perform any regularization procedure.

6 Asymptotic symmetries

6.1 Form of vector fields

Since our boundary conditions involve explicitly terms generated by logarithmic supertransla-
tions and ordinary supertranslations, we expect them to be invariant under diffeomorphisms
parametrized by vector fields (E- =&, £i> combining both kind of transformations. Their
exact form will be shown to be

€ =br+Inr (T+Tp) + T+ T +o1), (6.1)
E=InrW+W +o(1), (6.2)

lnr 2b — ~ 1 2b — 1
A ]/'A rA A”r —rA A W odd [A -1
¢ r <\ﬁg log ) r <\f9 (W) > r ofr™), (6:3)

where
- _ — -1 — A~ 1
Ty = 043" — (A+2) (DaDp +7ap) |b (DA)\B - 29AB> : (6.4)
1
Ty = —5bh. (6.5)
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Variable | Parity Nature of diffeomorphism Proper or improper?
w Even | Logarithmic supertranslations Proper
T Odd | Logarithmic supertranslations | Improper (except £ = 1 component,)
pyedd Odd Supertranslations Improper
T Even Supertranslations Improper
Weven Even New supertranslations Improper if AWee? — D4I4 #£0
14 Odd New supertranslations Improper if AWeve? — D4I4 #£0

Table 2. Properties of the asymptotic diffeomorphisms parameters.

The function T(b) is well defined because the operator (Z + 2)71 acts on a function with

no ¢ = 1 spherical harmonic component. The ambiguity in T(b), spanned by the linear

combinations of the Y, with £ = 1, will be shown to be a proper gauge transformation.
The independent parameters in (6.1)—(6.3) are:

e the function b = b;n’, which parametrizes the Lorentz boosts;
o the vector Y4, which parametrizes the spatial rotations;

« the functions T' (odd) and W (even), which parametrize logarithmic supertranslations;
however, as we shall see, the transformations generated by W are proper (zero charge);

o the function 7' (even) and the odd part of W, which parametrize the familiar super-
translations;

o the even part of W and the vector 4 (odd), which generate a new type of supertrans-
lations; however, only the combination AWee® — D 4T is physically relevant in the
sense that if AW — D 4I4 = 0, these new supertranslations are proper (see below).

We summarize the properties of these independent parameters in the table 2.

The independent piece of (6.1) is thus br 4 In rT+T, which can be chosen freely (within
the class of boosts for b, odd functions on the sphere for 7' and even functions on the sphere
for T'). The extra term

oy =InrTy + Ty (6.6)

must be added when b # 0 in order to make the boost charges integrable (or, what is the
same, in order for the boosts to leave the action invariant, without surface terms at spatial
infinity). Similarly, the written terms in & can be chosen freely, while the independent
piece of (6.3) is €4 =Y4 + %I 4. The other terms involving b, W and W are included to
preserve the boundary conditions on A4 under boosts (b), logarithmic supertranslations
(W) and supertranslations ().

The need to add extra correcting terms to the “naked” parameters is not a surprise since
it just generalizes to the logarithmic supertranslation case what was found to be already
necessary in the Hamiltonian formulation of the standard BMS symmetry [20]. While the
need for the correcting terms associated with the preservation of the boundary conditions
will be made obvious in the next subsections, the justification for those associated with

integrability will have to wait until section 7.
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6.2 Transformations of the canonical variables

The transformations generated by the diffeomorphisms (6.1)—(6.3) define asymptotic sym-
metries if and only if they preserve the asymptotic conditions and leave the action invariant
(up to possible terms at the time boundaries).

If the asymptotic conditions are preserved, the diffeomorphisms induce well-defined
transformations of the asymptotic fields appearing in the asymptotic expansion of the
canonical variables. We deal with this point in this subsection.

The action of diffeomorphisms (&, £%) on the canonical variables is given by

2 1
0gij = \/% (Wz‘j - 29ij7r> + Legij » (6.7)

- 1 ggij 1 2)
6 1] - _ (/A ] >J mn i — —
T f\/ﬁ(R 59 R>+2\/§(7r T 57

_ % z‘mj_lij> ivie _ i ij
\/g(ﬂ T = 5T +\/§(VV§ g A{)—i—ﬁgw , (6.8)

where the spatial Lie derivatives are given by

Legij = 295:05E" + " 0kgij , (6.9)
Len = 20, CnI* 1 oy (€071 (6.10)

One quick way to arrive at these formulas is to observe that they are certainly valid
for diffeomorphisms that decrease sufficiently fast at infinity that their canonical generator
Geei (gij, 7] = [dPz(EH + £H;) without surface term is well defined (proper gauge
transformations, G¢ ¢ & 0). The variations of the canonical variables are then just obtained
by taking their brackets with [ d3z(éH+£"H;), which yields (6.7)—(6.8). Since these formulas
are local in space, however, they hold true independently of the asymptotic behaviour of
(¢,¢%) and can be used even if a surface term must be added to [ d3x(¢H + £'H,;) to get a
well-defined generator (improper gauge transformation).

There might be extra terms proportional to the constraints in (6.7)—(6.8) when the
parameters (§l =¢ ,§i) involve the fields — as here, through the dependent correcting
terms added to preserve the boundary conditions and make the boost charges integrable
— but since the constraints decrease very fast at infinity, these terms play no role in
our considerations.

6.2.1 Transformations under spatial diffeomorphisms

We first consider diffeomorphisms acting on the equal-time hypersurfaces ((£,£%) = (0, £%)).
One directly gets from (6.7) and (6.2), (6.3) that the boundary conditions are preserved
and that the successive terms in the asymptotic expansion transform as

¢ Leading order:

o¢ifap = LyOap + 2 (E(AEB)W + ?ABW) : (6.11)
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o First subleading order:

Seilrr = Y20 ATy, + 2W (6.12)
Seida = Ly g + DAWS™ — I+ DWW , (6.13)
(5@'%,43 = ﬁyEAB + 2 (E(AIB) + EAEBWOdd +§ABW) . (6.14)

Note that the term l“TTDAW + %EA(W)Odd must be included in €4 in order to maintain
the asymptotic form of the mixed component g,4. If we had allowed in &4 the term
lnT”.f A4 %I A 4+ o(r~1) with arbitrary T4 and with It having an arbitrary even piece, we
would have found the extra terms

(0grgra)™™™ = Inv (DaW — Ln) + DaWe — 13", (6.15)

which violate the asymptotic decay of g,4 unless Iy = D4W (to eliminate the Inr-piece)
and 19" = D 2W°4 (so that A4 is purely odd).

Turn now to the conjugate momentum. Under the action of &, the successive terms in
the asymptotic expansion transform as

e Leading order:

Sty = Oa (Y70, (6.16)
OgiTg = Ly T » (6.17)
Seiming = Ly T . . (6.18)
o First subleading order:
067 =04 (YAFT) (6.19)
5§z‘ﬁr’4 = Ly74 , (6.20)
551'7AB = ,CyfAB . (6.21)

This follows directly from (6.8) and (6.2), (6.3).

6.2.2 Transformations under normal diffeomorphisms

The action of the “naked” boosts £ = br on g,4 violate the boundary conditions. Indeed, it
follows from (6.7) that g,4 transforms as

2b 2b
Segra =Inr—=mjo, 4 + —=74 +o(1). (6.22)

V7 V3

For this reason, as announced above, one must perform a corrective gauge transformation
Iﬁ)) = %WfogA in order to maintain the condition g,4 = O(1). However, the resulting

transformation is non-canonical and even generates divergences in the charge (see section 7.2

below). To cure this problem, the leading corrective transformation fg)) must be accompanied
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by a subleading corrective gauge transformation I ® Q—b_” . Similarly, integrability dictate

VA
the need to include the corrective terms ;) = InrTy) + Tiy) (see same section 7.2 below).
The normal diffeomorphisms £ with all the corrections included,

E=br+1Inr (Z~ + 1~(b)) + T+ Ty, (6.23)
lnr 2b 1 2b
r A TA TA
= .24
5 07 5 r \f log r \f ’ (6 )

preserve the asymptotic decay of the fields and their action on the successive terms in the
asymptotic expansion can be worked out to be:

e Leading order:

2b _ 4 —
owbap = 7 (WAB 9A3710g> + \/gD(A [bﬂ-logB)] : (6.25)
e First subleading order:
— b
ophpr = —= (T —7) , 6.26
7 ( ) (6.26)
— 2b
5b)\A \/Eﬂ-logA s (627)
— b 4 —
ophap=—=[2Tap—7 T+ + —=D bi'ny | . 6.28
7l as ( N+ =D [v7) (6.28)
These transformations preserve the parity conditions.
For the conjugate momentum, one finds:
o Leading order:
1 1. — — — .
O Moy = NG <—2b9 — §8AbDA0 + 8AbD39AB> — VAT, (6.29)
Semlh = \f (b (Dpo? — D) + 0pb0"7| — VgD T, (6.30)

Semsl = Vj [b(047 + 70 - DeD"07C) + acb(ﬁceAB — 2D"9BC 4+ gABDC 0)]

+vg (D'DT —g"PAT) . (6.31)
o First subleading order:
) —=rr \/E 7 7 - YA, 7 _7AB
o7 :7[11 (6% ~h—20+4DaX"+DaDh"")
+0ab (N =D h+2D" ) | - VG(A T +21"), (6.32)

S = Vj (52X + D"y~ D 64+ X + DD X" ~2D*h,, ~ D"k
+D"0-2D"DpAP)+0pb (B"7 ~0AP + DX~ D"X") |
+Vg (-D'T'+DT) (6.33)
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¢ = VI3[0 K 9D DR 2D X + DDy, + D'D7R
+547 (=2 +2DsX" ~ Al + D" Dphiy ) | +0cb [ D R —2D " pPC

+547 (=237 =Dy~ D by +2D "1 ) | }+ V5 (D D 1 g PAT),

(6.34)

with
T =T+1Ty, (6.35)
T =T+T. (6.36)

It follows in particular from the above formulas that the transformation laws of the
fields U and V under diffeomorphisms with both normal and spatial components are

e iU =LyU—bV + W, (6.37)
. 1o~ 1 —a~ - -
55751“/ =Ly V — §bU — iaAbD U+T+ T(b) . (6.38)

7 Canonical generator

We now turn to the computation of the canonical generator Gg ¢i[gij, 77], which takes
the form

G&Ei [gij, TFij] = /d?’x (fH + 527'[1) + Qg}fz‘ [gij, Wij} 5 (71)
where the surface term must be determined, following standard Hamiltonian methods, in
such a way that i¢ ¢1{2 = —dyG. Here, t¢ ) is the internal contraction of the symplectic
form with the phase space vector field X (i associated with (¢,£") and dy is the exterior
derivative in phase space. The equation guarantees dy (t¢ ¢i§2) =0, i.e, £ X&EiQ = 0, which
expresses the invariance of the symplectic structure under the phase space transformation
(exactly and not up to surface terms at spatial infinity).

Because the symplectic form takes the standard bulk form Q = [ d3x dymd A dv gij
(without surface contribution), this amounts to applying the method of [30] (see [33]
for more information). Namely, one computes dy G ¢i[gi;, 7] and gets an equation for
dy Qg ¢i [9ij & | by requesting that the surface terms obtained through the integrations by
parts necessary to bring dy G ¢i [gij, 7] to the canonical form [ dz(A%dy g;; + Bijdy )
be cancelled by dy Qg ¢i (gij, 7). Of course, for this to work, one must get a finite and
dy-closed (“integrable”) expression for dy Qg ¢i [9ij 7 |. In order to check these properties
and derive the surface term, one can of course use the boundary conditions.

The surface term that one gets from the variation of the bulk part of G ¢ (9ij, 7] reads

1 . A
- 7{ &’z [2\/§§5K +/39%% g0 (gKg + 106 - ADapg)ég) +26i5aT — gfagjmﬂk] :

where we have made the change of notations dy — § to follow the tradition in the field. It
follows that the compensation condition that determines Qg ¢ (i & | is

- 1 . ,
6Q§’£’i [gijaﬂ'”] — %d%l‘ |:2\/§§5K+\/§9B0690A <§K§+A (arf—)\Dan) 5§> +2€'L§ﬂ': _gr(sgjkﬂjk:| ,
(7.2)
where K g is the extrinsic curvature of the 2-spheres in a 2+ 1 decomposition, see appendix A.
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We shall now verify that with the above boundary conditions and improved diffeomor-
phism parameters, not only is the right-hand side of this equation finite but also integrable,
yielding a finite, well-defined Qg ¢i[gij, 7].

7.1 Generators of spatial diffeomorphisms

We shall compute in great detail the generators of spatial diffeomorphisms to illustrate
both the importance of the boundary conditions and the inner consistency of the formalism.
Inserting the variations of the fields under spatial diffeomorphisms in (7.2) yields

0Qg¢i = 2r lnry{d a:YA57rlog
+ 2r j‘{ d2xY 4074
+oln?y ja{ @ [Y6 (71 0y + 7B0R) + W6 (nfl, — Darlst)]
+ 2lnr%d x YA5 (Wlog( y+ nggA + WfoghB _|_—7"B9B)
+ W (77 = Dam™) + Wiy, + Ladnizy]

n }{ P [2YA53 + 2WOT 4 20407 (7.3)

where
Ta) =Ty + 7 BRa + 7N (7.4)

As it is manifest from this expression, the variation of the charge is plagued with four
different types of potential divergences, which we must show are actually zero. It is here
that we shall need the faster decay of the constraints.

We examine the potential divergences in turn, starting with the most “dangerous” ones.

e The coeflicient of rInr is zero by parity, since Trfo’g is even while Y4 is odd.

« For the term proportional to r, we use the asymptotic expression 74 = (ﬁ”‘)even +
NG D - NG Dy Taking into account the parities of the fields, the integral reduces

then to

]{ d*z\/GYADV, (7.5)

which vanishes under integration by parts by using the Killing equation DY 4 = 0.

« For the term proportional to In?r, we first observe that the integral that involves W
vanishes by parity (W is even). Using also that YAﬁlogH is odd, we therefore find
that this term reduces to

% dQZL‘ YA’]TTOI;(Q) . (76)

In order to show that this expression is zero, we use the assumption that the angular
component H 4 of the momentum constraint goes to zero as o(r~!). In particular, from

’Hfg(l) = 0 (coefficient of 7~ Inr in H4), we can relate the sub-subleading coefficient

- 21 —



71{(;2(2) with the leading and subleading coefficients in the asymptotic expansion of the

fields. Indeed, the equation ’Hfg(l) = 0 reads
— —A _BC—A
4eB7r10g 2D (mogA ) = 2Dpmidt) + T D hr +orBDNp=0. (77

Now, all the terms in the second line (7.7) are even, thus once they are inserted in the
integrand YAﬁfoé(z), they will vanish (under the integral). Hence, the integral (7.6)
becomes

L r o -  (-BCTA BCTy
1 f *2Ya [~2Dc (w3 W) + miog D s |
1 — _
+ 5 }{ Pa¥s [~2Dc (72C08) + 7D 0sc] (7.8)
O Let us focus on the first integral
1 _
1 f d*x¥4 |-2Dc (wlochB> + s D ] - (7.9)

Using again parity arguments, we see that only the odd part of hap contributes,
which is “pure gauge”, i.e.,

—odd

hAB = 2(DADBUodd+gABUodd) . (7.10)

Recall that U™ = D 4Usqq. Thus, by using that Yy is a Killing vector of the
2-sphere,

DYp) =0, DaDpYe = —gapYe +9acYs, (7.11)

that Wf?)gB = f(D DPV - AP AV), and integrating by parts, we get that the

first integral in (7.9) becomes

f 2 [-2Dc (nfSh3)] = 7{ day/g¥a (D AV + 2DV ) Ugaa
(7.12)
We also used the property that the commutator of two covariant derivatives on
the round 2-sphere implies [Da, Dg|DcV = —GpoDaV + GacDpV. For the
second integral in (7.9), besides of making use of exactly the same ingredients
as before, we must also use the expression for the commutator of two covariant
derivatives of a (symmetric) tensor field, which reads

[Dg, D ]ﬁggc = 2mihs — TlogG ' . (7.13)

We obtain then the equality

1 A

’ f oY arBCD e = jf Poy/5Ya (D*BV +2D"V) Vssa.  (7.14)
Adding the two terms in (7.9), we get that the first integral in (7.8) vanishes,

i ]{ *2¥a [~2Dc (ni§ W) + g D' hpe] = 0. (7.15)
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O Now, for the second integral in (7.8),
1 — —
i f dx¥y |-2D¢ (7PC034) +ﬁBCDAeBC} , (7.16)

the steps are very similar. We first note that (by parity) only the odd part of
74 and the even part of 748 contribute. These read

— —=—-=A

ﬂ-gjc?d = _\/§D Veven (7.17)
— = —~A—=B _AB—

ﬂ—gfn = \/§ (D D" Veyen — gABAV:even) . (718)

Making use of the identities Do7wB¢

even

= _ﬂ—odd and DAQBC EBQAC, the
integral (7.16) can be re-written as

1
: 7( P (2Vam 0% — YamhS, Do) (7.19)

It is easy to see that the first term of the above integral becomes (after integration
by parts and using the Killing equation)

1 1 —

1 7{ d*x (2YA7roddeB =5 ]{ d?2/GY 4D 0P Veyen . (7.20)
The second term, on the other hand, can be written as (after integration by
parts)
1 = [ A
T ]{ d*z (—YMMHDCGB j'{ d*z\/5 (YADCHg) +A (YAD 9)] Viven -

(7.21)
Expanding the derivatives in the above integral, using the identities of the Killing
vector Y4 and the commutator of two covariant derivatives, we get that the
above term reduces to

i 7{ iz (~YarEe Do) = —% f d*2/g YD 0B Veyen . (7.22)
Thus, the integral (7.16) also vanishes
1§ ava [-9D0 (REGOB) +7EGD 0nc) =0, (123)
Consequently, we have proven that
f P rYanifyg =0, (7.24)

so that the divergent term involving In?r is actually absent.

For the divergent term proportional to Inr, we proceed along lines that adopt similar
arguments. For the term proportional to W, we use the constraint 7-[7("1) ~ 0 in (4.20),
to get

fd%Wé(ﬁ’"” —Da74) = %dzazW(5 (7 =74 + i) - (7.25)
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Note that by virtue of the parity conditions of the leading coefficients of the momenta,
the quantity (ﬁ"’“ — ﬁﬁ + ngg> is strictly odd. Therefore, since W is even, the integral
vanishes. Consider now the terms involving W and I,. These become

j{ e Wodd ST + Ige 5mog 7{ d2xWodd5< _D A7T1og) -0, (7.26)

where the relation 19" = D aW°4d was used. Thus, the total integral reduces to the
term coming from the spatial rotations

%deYA 7T10g a + W{gg)\ + WloghB + WTBGA) (7.27)

Since the second term YA(TI‘IOg)\ ) is odd, it does not contribute. Thus, our remaining
duty is to show that

r rBTA =r
f Pa¥y (nld + wlSh + 7 P04) = 0. (7.28)

As for the divergence proportional to In? 7, we will make use of the fast fall-off of the
angular components of the momentum constraint. In this case, we need the equation
7—[541) = 0 expressing that the »~! term in H 4 vanishes,

—onld ) — 2l Bhg — 27 BoA — 2D (@ PAY) + 27 P D N (7.29)
—2DB( Bch ) _TTEAEM + fBCEAEBC =0. (7.30)
Replacing ], 0‘;(1) in (7.28), we find that this integral becomes
]{dQSUYA [—EB(fTBXA) + ﬁTBEAXB}
1 _ _ Al A
+3 ?f 2y |[~2Dp(he) + 7 D iy + 7D hipc] - (7.31)
In the first integral
7{ d2zY [—EB(fTBXA) +7 D" Ap] | (7.32)

we see that only the odd part of 7B contributes, which is “pure gauge”: T éd =

-/ D Vven. Thus using the identities for Y4 and integrating by parts, we get that
the above integral becomes

7{ d2¥a [-Dp 7B + WBEAXB} - 7{ 22V D DPNEViven - (7.33)
The second integral

1 _ _ A A
5 jf d*zYy [—2DB(ﬁBChé) + 7 Dy + fBCDAhBC} : (7.34)
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can be split in two integrals as (by making use of the asymptotic form of the variables)

1 = = ddA, | _ dd
5]{d2$YA —2Dp(Thiahe ) + ToiaD h%c} (7.35)
f aYa [~2DpFEGRE ™) + Feu Dy + FEC,D Wper | - (7.36)

For the terms in (7.35), we use the identities for the Killing vector Y4, the relation

D¢ fd% =78 W{’Og, as well as
dd
hp =2 (DaDpUsda + GapUoda) (7.37)
to show that
— ddA _ dd
5 f v [Py (REGRE™M) + 7EGD Tk =o, (739

after integration by parts and some straightforward algebra.

For the terms in (7.36), we use the asymptotic conditions

ﬁgzen = _\/Ezvéven, (739)
ﬁgﬁd = _\/EEAVezven ) (740)
_ = —=A5=B _AB—

Tr?\fm = \/§ (D D" Veven — gABAV;:ven) , (741)

to derive

y{d%YA 2D (EESFE™) + Ty D Ty + 705D T |

Teven Teven even
-2 ?f @2¥aD" (DD e = DR = By Veven (7.42)
after some direct algebra and integrations by parts.
Putting together this result and (7.33), we obtain the required result that the integral
% f PaYs [~2DpECRE) + 7D oy + 7D ]
- % ?{ @2¥a D" (DD RGe = BB = Bhyr + 2D Xp) Vewen =0, (7.43)

vanishes due to the asymptotic form of the Hamiltonian constraint. Thus, we have
established (7.28) and there is no divergence proportional to Inr.

This completes the proof that the surface term in the generator of spatial asymptotic
symmetries is free of divergences. It is manifestly integrable and given by

QgL %d xT 2YA7T( ) + 2W_TT + 2IAﬁTA) . (744)

We note that W does not appear in this expression. This indicates that the corresponding
diffeomorphism is a proper gauge transformation. One could use this proper gauge freedom
to set @45 = 0 since U transforms as U — U + W under the logarithmic supertranslations
generated by W.
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7.2 Generators of normal diffeomorphisms

The equation for Q)¢ reads, in the case of normal diffeomorphisms

6Q¢ = rlnr 7{ 2/G b5 (7.45)
+r ]4 /g6 (2, + T+ 2DaX" - 6) (7.46)
+ In?r ]( d?x\/G bé (29<2> + 2kffg’(2) + %92 — Zeﬁeﬁ) (7.47)
1070 Quog + Qo) + 0Qg, (7.48)

where
0Qiog = %dm\/ﬁ{ﬂ“d (ETrJrEAXA) +b(26a+25k1(f;(1) +%5 (—3E§0§+h9)

_ 1 — A — A— _
T80+ 50 (30504067 +9DA5>\A—29ABDA6/\B—60ABDA>\B) —8Ab>\A59] ,
(7.49)

and

gﬁﬁ STiy —Tiyr 0T+ 2602

- _ _ —_a 1 1— —
5Q(0) Zj{dQCL‘\/j [T5h+2T5 <h7~7~+DA)\A—29) +b(2h5h—
_ 1_ 1 oood B B _ 4
+25k<2>+hffaeg—2h50+29§5h;§+hDA5AA—2h§DBaAA—5h§DBAA> —6Ab)\A6h] :
(7.50)

and where 5Q£<ib> is the contribution due to the correcting gauge transformation that
maintains the asymptotic form of g,4. Using the formulas of the previous section,with
A _Inr2b ., 120 .,

E(b) = r ﬁﬂlog + ;ﬁﬁ s (751)

one finds o
. 2 — - A 2 —rA—r
Qqi, = lnrj{d VG (4bDAVD V) + 7§d v (7.52)

The corrective term ;) = In T, () + T(v), necessary for integrability, has not been included
yet since we want to show why it must be added.

The charge of normal diffeomorphisms possesses thus a priori the same different types
of divergences as for spatial ones. However, it is easy to see that the coefficients of r Inr and
r are zero by using the parity of the asymptotic fields and the equation DsDgb+g45b =0
for the boost parameter.

We show in appendix B that the remaining divergences also cancel. The computation
is very similar to the one which we explicitly carried out in the previous section for the
spatial diffeomorphism charges. Key in establishing the absence of divergences in dQ¢ is
the faster fall-off of the Hamiltonian constraint, which is part of our boundary conditions.
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Once all dangerous terms have been shown to vanish, one finds that Q¢ reduces to
the finite term:

Qe = 7§ d2z\/F [T5E+2T5 (EM+EAXA - ;9) +b(;ﬁ§ﬁ— SEBSHA _Trs 250

_ 1_ 1 ood e B B _ 4
+25k(2)+h§59§—2h69+2€féhg+hDA6)\A—thDgéAA—(SthB)\A) —8Ab>\A6h] .
(7.53)

While the terms proportional to T and T are integrable, those involving the boosts, which
can be rewitten as

__ 1 1 2
Qp= 7{ dzx\/ﬁ{ba [2k<2)+2h(2)—hhw+ 4h2—§h§hg—2hAB (DA)\B 9A3>+_fTAfg]
g
Y | A — _ 1 _
+bRs (hrr—f—DA)\A— 29) —OAbN ST+b (DA)\B - 29,43) 5hAB} ,
(7.54)

are not integrable due to the second line.
In order to get rid of these non-integrable terms, we perform the correcting diffeomor-
phism ) = In rT, (v) + I{») announced above, to get that the boost charge is

1o 1 2
Qp= j{d%\/ﬁb {2k<2>+2h<2>—hhw+4h2 3hﬁhg—2hAB (DA)\B 29AB> 5%’"‘4%’:4

(7.55)
The total surface term for normal diffeomorphisms then reads
o _ _ 1 __
Qe = ?{d%\/ﬁ {Th + 2T <hm» + D - 9> +b {21@(2) +20® — Ry,
—9 A~ 1 2
+ h - §h§hg — 2Nhap (DA)\B - 26AB> + EWA?;‘ } (7.56)

Collecting the surface integrals for spatial and normal diffeomorphisms, we conclude
that the total charge to be added to the bulk term [ d3z(¢H +£H;) when the diffeomorhisms
take the asymptotic form (6.1)—(6.3) is given by

Qeei = j{d% {\/ﬁfﬁ +2VGT (Ew + D - ;9) +/3b {2/&2) +2h® —Th,,

l—2 3-B-— —a~B 1 AB) 2_,a_
- 9 DB _ 2 4 Sarag
4h 4hAh hAB< A 2«9 §7r ™9

+ 2YaT () + 2W AT + ZIA_TA} . (7.57)

We note — also as announced — that the ¢ = 1 spherical harmonic component of 7' drops
out from the charge and defines therefore a proper gauge transformation since the odd part
of h annihilates it (under the integral sign).
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8 Logarithmic BMS algebra

8.1 Rewriting of charges

It is useful to rewrite Q¢ ¢ in a way that makes manifest the proper gauge transformations.
By direct computation using the asymptotic form of the fields, one finds that the canonical
charge can be recast as

1 1 2
Qeci = fd%{\/ﬁb[2k<2>+2h<2>—hhrr+1h2 3hfh;§ 2han (DN -5647) + gﬁ”‘ﬁg}

+2YAT 4205 Teven( DN —50)+2W0dd(ﬁ”—ﬁ+w{"gg)

+2v/G TiogU —2V/G WiogV' } (8.1)
with
OB o+ h? — oL i i Yy G hrr0
27 4" Ty
_ 1— 41— —
+DAh§2)A+§AADAh—§hTTDAA ~NDphf, (8.2)

where Tiog = (A + 2)T = odd and Wi,g = A Weven — EAIzdd = even. Boosts, spatial
rotations and supertranslations parametrized by 7" and W44 are all improper, as in the
case where logarithmic supertranslations are not included [20]. The new improper gauge
symmetries arising from the extension of the formalism are the logarithmic supertranslations
in time, parametrized by the odd function 7Tj,s, which has no £ = 1 spherical harmonic
component, and the subleading supertranslations parametrized by the even function W,
which has no ¢ = 0 spherical harmonic component. These subleading transformations
become improper and can be triggred because the condition A4 = 0 is not any more
necessary for integrability when the new asymptotc fields are introduced.

Note also that the ambiguity in U and V mentioned in section 3 is indeed irrelevant
for the charges, as it should.

8.2 Transformations of the parameters

The bracket of any two canonical generators is computed by evaluating the variation of
one generator under the canonical transformation generated by the other. One finds in
this manner

{Gfl [gijv Wij] ) G§2 [gij7 Wij]} = Gé + C{ﬁl,&} ) (8'3)

”

where the terms Cy¢, ¢,y correspond to central terms between the usual and the “logarithmic
supertranslations, and where

?A = YlBaBY{‘ + §A35183b2 — (1 <~ 2) ,
B: }qBaBbQ — (1 4 2),
T = }qAaATQ — 3b1W2 — aAblﬁAWQ — blZWQ — (1 — 2) s

W =Y 0uWs — b1 Th — (1 < 2),
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Thos = VA9, T8 — 36, W% — 9,6, D W8 — b AWIE — (1 4 2), (8.8)
Woe = VA9, W8 — b1 To%% — (145 2), (8.9)

where from now on W = Wedd,
In order to arrive at these formulas, the following transformation laws were found useful,

Oees (P + D' — %92‘) = Ly (hrr + D' — %eﬁ) + \/bﬁ (7" =74 + i) + Wiog
(8.10)

et (T = Th + 7l ) = Ly (77 —7A + i) (8.11)
_ _ a1
+ VG [bD + 94bD" + 3b] (R + Dax' — §ej) — VG Tiog
e U =YA0,U =BV + W, (8.12)

Se iV = Y204V — bAU — 940D U = 3bU + T, (8.13)

as well as the transformation rules of the sub-subleading terms given in appendix C.

The relations (8.4) and (8.5) encode the homogeneous Lorentz algebra. The rela-
tions (8.6) and (8.7) indicate how the ordinary supertranslation parameters transform under
the homogeneous Lorentz group, described in 3 + 1 Hamiltonian terms. They match the
relations found previously in [9, 20].

Finally, the relations (8.8) and (8.9) define the Lorentz representation of the logarithmic
supertranslations. As we have indicated, T'°% is odd and starts in a spherical harmonic
expansion at ¢ = 3. Similarly, W'°8 is even and starts at £ = 2. It is easy to verify
that (8.8) has no ¢ =1 component and that (8.9) has no ¢ = 0 component, so that these
properties are preserved under Lorentz transformations. Since the minimum spin in the
representation of (T'°8, W1°8) is /3 = 2 and since the transformation of T'°8 (respectively,
W°8) under boosts does not involve 7°8 (respectively, Wlog), one can conclude that the other
parameter {1 characterizing the irreducible representation in which (7'°, W'°8) transform
vanishes, {1 = 0 (see [34-36] for more information). Thus, the parameters associated
with logarithmic supertranslations transform according to the irreducible representation
(bo = 2,41 = 0) of the homogeneous Lorentz group. This is the “tail” [35] of the finite-
dimensional vector representation (¢p = 0,¢; = 2) of the ordinary translations. As it is
known the supertranslations are in the semi-direct sum ({9 = 0,41 = 2) B, (bo = 2,41 = 0),
the tail being given here by the proper supertranslations (beyond the translations). The tail
appears therefore twice when logarithmic translations are switched on, but it is realized by
functions with different parities under the antipodal map. The ordinary translations appear
only once, because the transformations in the finite-dimensional vector representation (0, 2)
are proper gauge transformations on the logarithmic side and are factored out.

8.3 Central terms

We close the discussion of the algebra by observing that the non-vanishing components of
the central terms appear in the brackets of the usual and “logarithmic” supertranslations.
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Specifically, we have that
C{valog} = - C{Wlog,T} = 2 f de\/ET I/Vvlog 9 (814)

C{W:Tlog} == C{Tlog;7W} = -2 j{ d2$\/§Wﬂog . (815)

This is a centrally extended abelian algebra. It is easy (and instructive) to verify that
these relations are compatible with the Jacobi identity. The opposite parities of T' (even)
and Tig (odd) on the one hand, and of W (odd) and Wj,e on the other hand, as well as
the fact that these functions transform in (almost) the same representation of the Lorentz
group, are essential for guaranteeing a non-trivial central charge and consistency with the
Jacobi identity.

We note the important fact that the central charges vanish for ordinary translations in
time (zero mode of T') and space (¢ = 1 spherical harmonics of W). This implies that the
transformation rules of the energy and the linear momentum are unaffected by the extension
of the formalism. In particular, the energy and momentum are unchanged if one performs a
logarithmic supertranslation. By contrast, the angular momentum does transform under
logarithmic supertranslations since these are in a non-trivial representation of the Lorentz
group. This is of course the logarithmic analog of the fact that the angular momentum
transforms under supertranslations, or even, for that matter, under ordinary translations.
How to extract an intrinsic angular momentum (analog of the angular momentum “in the
center of mass frame”) will not be studied here because a dramatic simplification of the
algebra which bypasses this question can be achieved.

It is clear that the central charge is invertible in the remaining sector of the pure
supertranslations and the logarithmic supertranslations. The relations (8.14)—(8.15) actually
express that the generators of pure supertranslations are canonically conjugate to those
of logarithmic supertranslations. More precisely, if we respectively denote by S; the
generators of the pure even T-supertranslations, by S2 the generators of the pure odd
W -supertranslations, by L the generators of the logarithmic odd Tj,e-supertranslations and
by Lo the generators of the logarithmic even Wi,e-supertranslations, the relations (8.14)-
(8.15) read®

{La,Ss} =043, {84,583} =0, {La,Lg} =0 (8.16)
with
0 _9Jeven
= ) 1
(0-04/8) <2Iodd 0 ) (8 7)
Here 1°V°" is the unit operator in the space of even functions on the sphere,
1
17 (z,2) = 5 (6@ (@ — ) + 0@ (x + 2/)) (8.18)
while 7°94 i the unit operator in the space of odd functions on the sphere,
1
1°%(@,a') = (6@(@ — ) = 6z +21)). (8.19)

%In S., the index o runs not only over the discrete values 1,2, but involves also the argument (z) = (z*)

of functions on the sphere, e.g, S1 =~ 2\/§<Ew + DN — %9) (z) ete.
£>0
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The Jacobi identity involving one Lorentz generator, one S, and one L, is equivalent
to the invariance of the bilinear form o, under Lorentz transformations.

9 Decoupling of the pure supertranslations from the Poincaré generators
in the logarithmic BMS algebra

In this section, we will show how we can take advantage of the central charge to redefine
the Lorentz generators such that their action on the pure and logarithmic supertranslations
is trivial. This decoupling of the supertranslations from the Poincaré algebra is performed
by exploiting the fact just observed that the pure and logarithmic supertranslations are
canonically conjugate.

First, we prove that it is possible to achieve this goal on general grounds, using general
algebraic considerations. We then proceed to display the explicit computation of the
realization of the decoupling mechanism.

9.1 General algebraic considerations

The logarithmic BMS algebra found in the previous section has the following structure

{Ma, My} = fipMe (9.1)
{Mo, T;} = R,/T;, (9:2)
{Ma» Sa} = GaaiTi + Gaaﬂ‘sﬁ ) (9-3)
{M,,L*} = =G 5*L”, (9.4)
{L*, Sp}t =43, (9.5)

where M,, T;, S, and LP are respectively the generators of the Lorentz transforma-
tions, of the standard translations, of the pure supertranslations and of the logarithmic
supertranslations.

Before proceeding, a word of explanation concerning (9.4) and (9.5). As we have seen,
the generators of logarithmic supertranslations L, transform in the same representation
as the S, (modulo the standard translations), i.e., {M,, Lo} = G,,”Lg. They also fulfill
{La,Ss} = 045. We define L® = 0% Lg, where 0%%0g, = 5 (inverse of o45). Then (9.5)
follows immediately from the definitions, while (9.4) is an immediate consequence of the
Lorentz invariance of o4,

0a0ap = Gop 0yp + G 5’00y = 0. (9.6)
We now redefine the Lorentz generators by adding new terms as follows,

My = My — Gy’ L°T; — G, LP S, (9.7)
= M, — LP{M,, S5} . (9.8)

The extra terms have been added in order to trivialise the action of the Lorentz algebra on
pure supertranslations by leveraging the non-zero bracket between L® and Sg. One easily
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shows that the action of the new Lorentz generators M, on both pure and logarithmic
supertranslations vanishes

{Mq, S} = {Ma, L} =0, (9.9)

while the bracket {M,,T;} does not suffer any modification. The redefinition (9.8) of
the homogeneous Lorentz generators is bilinear in the generators of the inhomogeneous
logarithmic BMS algebra T}, Sy, Lo. The corresponding transformations differ from the
original Lorentz transformations by a field-dependent logarithmic supertranslation, a field-
dependent translation and a field-dependent pure supertranslation,

= GuF + (~Goy' Ty — G, S){E. L%} + (~Goy LAY E. T} + (G, L°){F, S, }
(9.10)

which, together, constitute by construction a canonical transformation (i.e., have an inte-
grable, well-defined, canonical generator).

One also easily verifies that the Poincaré subalgebra is invariant under this redefinition
of the Lorentz generators

{Mw Mb} = fngc; {Mav TZ} = RaijTj : (9‘11)

The modification of M, given in eq. (9.8) is the most drastic option. There exists a
milder version that also decouples the pure supertranslations from the translations without
trivialising the action of the Lorentz algebra on the former,

Ma = M, — G,g'L°T;. (9.12)

With this alternative redefinition, only the contribution from the standard translations 7;
is removed from the right hand side of (9.3):

{Ma,Sa} = Gol’Ss, (9.13)

while all other Poisson brackets remain invariant. Both pure and logarithmic supertransla-
tions S, L, transform under the non-trivial infinite-dimensional Lorentz representation
characterized by G,,° (or its dual for L%). Therefore, with this redefinition, one cannot
induce soft hair by boosting a solution with no soft hair and with P* # 0, but the angular
momentum “ambiguity” remains.

9.2 Explicit computations

9.2.1 New Lorentz transformations and charges

We now provide the detailed formulas. According to the derivations of the previous sub-
section, the combinations of field-dependent logarithmic supertranslations, field-dependent
translations and field-dependent pure supertranslations that compensate the action of the
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Lorentz transformations on pure supertranslations and logarithmic supertranslations are
explicitly described by vector fields asymptotically given by

b - =4 1
W(b,Y) — _ |:_ ﬁrr_f_’_ﬂ_ror :| o |:£ (hrr+DA>‘ _H>:| , 9.14
log \/§ ( 1 g) 2 Y 9 2 ( )
— — ([~ —= —a 1 1
oY) — [ 3b+04bD" +bA (hM+D X“—e)] + [_L T =T, , (9.15
log ( A ) 4 2 )13 VG v ( s) >3 (9-15)
weY) —p (V)ZZQ —Ly (U)ez?) ’ (9.16)
TOY) = (3b+aAb5A+bZ) ()3~ Ly (V)esa. (9.17)

Here the notation £ > n means that in the spherical harmonic expansion of the functions,
only the modes with ¢ greater than or equal to n are considered.
The charges associated with these vector fields are integrable and well-defined and read

Qi = § & [2(V)esa (77 — 7+ i)
_ _ 1 _ _
+2yG(ry + DaX" = 59) (3b+ 046D" + b2) (U)e3] , (9.18)

— — — 1
Qgxtra — f{ d2x[2\/§£y (hw + DN - 50) (V)is2 + 2Ly (77 — 7 + w{gg)(U)gzg] . (9.19)

The new Lorentz generators Q, and Qy are obtained by adding these extra terms to the
original generators ), and Qy:

Qv = Qp+ Q7™ (9.20)
Qv = Qy + Q5. (9.21)

These boundary terms must of course be supplemented by weakly vanishing bulk terms
with vector field 5& y) = (f(lb ) §éb Y)) having the given asymptotic behavior.
9.2.2 Poisson brackets of Lorentz charges with all supertranslations

A direct computation shows that these new Lorentz charges possess indeed the advertised
property of acting non-trivially only on pure translations. The Poisson brackets of Lorentz
boosts with supertranslations take the form

(@0, Qr} =2 § ] = b(T)emo] (7 = 7 + 7i%) = Qyp (9.22)
(@ Qu} =2 f vy — (30+ 046D +V5) (W)ees] (Fw + DX = 26) = @5
(9.23)

while the Poisson brackets of spatial rotations with supertranslations are given by

{Qv,Qr} =0, (9.24)
{@v. Q) =2 § a[YAOAW )i | (77 = 7+ 7i3) = @y (9.25)
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We can read off the new algebra of the parameters:
W =YA04(W)it = b(T)emg, 1= (3b+0abD" +bA) (W), (9.26)

where we see that only the contributions from the translations are left. Similarly, one can
show that the Poisson brackets of all Lorentz charges with logarithmic supertranslations
identically vanish

{Qb, Q11 } = { Q0 Qi } = 0, (9.27)
{Qv,Qn,} = {Qv, Qw,, } = 0. (9.28)

9.2.3 Poisson brackets of new Lorentz charges

We explicitly verify in this subsection the key property of our construction, namely, that the
redefinitions of the Lorentz charges also leave the homogeneous Lorentz subalgebra invariant.

For this computation it will be useful to have at hand the new action of the Lorentz
transformations on the fields:

B,y 1L = [VGBUT + 046D T + bAT))| T £y1] L (9.29)
Sy T = [in} + £y T] (9.30)
’ VG = =0’
ooy U = —b(V)j—g + Y204(U) =1, (9.31)
By V = =b(U) =1 = 04bD" (U) =1, (9:32)
where, for convenience, we have defined
=TT = rr 7 - A 1
O=7" -7+ myy , T = hyr + DX —59. (9.33)

We will compute the Poisson brackets of the new Lorentz generators case by case.
o We start with the computation of the Poisson bracket between two Lorentz boosts:
{Qb1> Qby} = 05,Qb, = 05, Qp, + 6, Q5 (9.34)

The last term in the above expression can be directly obtained using the new trans-
formation laws of the fields:

Oy, Q™ = f 2{2V/Gb1 (V)22 35T + Oabo DT + b AT | .

+2 (31 + 0401 D" + 01 ) (U)g3]boll] /Z:O} : (9.35)

The first term on the right hand side of (9.34) must be carefully computed taking into
account the field-dependent gauge parameters given at the beginning of this section:

Oty Qby = 0y Qby + Oyyrve) Qo + Oy Qy + 5W1(b2)Qb1 + 5Tl(b2)Qb1 : (9.36)
og og
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The second and fifth terms give
= A
Oy (ve) Qb + 5T1<b2)Qb1 = Qfd%\/ﬁ(bz@/xbl — 0104b2) D" (V) 2T
og

-2 j{ A2x\/Gb1 (V)2 [‘%QT + 8Ab25AT + bZZT} =1’

(9.37)
while the third and fourth terms reduce to
—=A
Op(vy) Qpy + 5W1(b2)Qb1 = Qj{dzm(bﬂ%bl — 0104b2) D" (U )31l
og
-2 % d’z (3b1 -+ 8,4[)1514 + b1Z) (U)gz;; [bgﬂ} o
(9.38)

Thus, putting all the terms together we obtain the expected result
{pr sz} = Qf/ + Q(;;(tra = Q}Af ) (939)
where we used the bracket of the original generators, d,Qp, = Qy-, and
VA = 0,D%, — b,D', . (9.40)

We continue with the computation of the Poisson bracket between two spatial rotations:

{Qv1, Qva} = 0v,Qy; = 8y, Qyy + 5y, QE™. (9.41)
The last term can also be directly computed, which gives
Sy, QY =2 j{ d*zLy, (Ly,11)i—1Ups3 . (9.42)

Decomposing dy, Qy; as before
0y, Qyr = Oy, Qyy + Oy va) Qvy + Opva) Qyy + 5W1(Y2)QY1 + 5TI(Y2)QY1 , (9.43)
og og
we can combine the third and fourth terms to get

5T(Y2)QY1 + 5W1(Y2)QY1 = -2 f d2x\/§£Y2‘ch TWZQ + 2 % d2x\/§£y1 (£Y2T)l22W22
og

=2 f d2$\/§ Ly, , Ly, | T Visa, (9.44)
while the second and fifth terms reduce to

Sy vy Qvy + 5T1<Y2>QY1 =2 j{ d*x\/G Ly, Ly, TUp>3 + 2 ]{ d*xLy, (Ly,11) 3073
og

= Q%dzx[ﬁyl,ﬁ)@]n[]gzg — 2%£y1 (ﬁyzﬂ)glegzg .

(9.45)

Thus, adding all the contributions we have shown that
{Qvi, Qv } = Qp + Q"™ = Qy, (9.46)

where we used the original bracket dy,Qy; = Qy-, with
VB =vA0,YL — viio.vE. (9.47)
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o A similar strategy allows us to compute the Poisson bracket between a Lorentz boost
and a spatial rotation, obtaining

YA94b, (9.48)
—YA9,b. (9.49)

{Qv,Qp} =Q;,  with b=
{Qba QY} = QI;, with h=

We have thus shown that the new contributions to the Lorentz generators do not modify
the homogeneous Lorentz subalgebra. The Poincaré algebra remains therefore untouched.

9.2.4 Alternative redefinition of the Lorentz charges

As mentioned above, there exists an alternative redefinition of the Lorentz generators (9.12),
which decouples the pure BMS supertranslations from the translations, while keeping them
in a non-trivial infinite-dimensional representation of the Lorentz algebra. The canonical
realization for these charges can be obtained by adding a field-dependent improper gauge
transformation with the following parameters

®_ (b
VVlog - [ﬁ(ﬂ- -7+ 71-log)€:1}

This transformation leads to an extra term in the Lorentz boost charge of the form

WO = [b(V)esa] (9.50)

£>2 (=1

Quire — % P [2D(V (T — T + 7)o | (9.51)

while keeping the spatial rotation charge invariant. One can check that the Poisson brackets
of these new Lorentz charges with pure supertranslations involve only pure supertranslations
and keep the brackets with all other charges unchanged.

10 Conclusions

In this paper, we have shown that a special class of logarithmic supertranslations, character-
ized by definite parity properties under the antipodal map, can be consistently included in
the Hamiltonian formulation of asymptotically flat spaces. One can enlarge the boundary
conditions while keeping the action finite in such a way that these logarithmic super-
translations are symmetry transformations with well-defined (integrable, finite) canonical
generators. We have also computed the algebra of the logarithmic supertranslation genera-
tors with the other generators of the BMS algebra (“logarithmic BMS algebra”) and found
non-trivial central terms. Previous instances of central terms appearing in the asymptotic
symmetry algebra occur in AdSs gravity [37, 38], or in five-dimensional gravity, which
shares a very similar structure [10, 11].

We insisted throughout our approach both on finiteness of the symplectic form and on
exact invariance of the symplectic form under the transformations of the logarithmic BMS
algebra — and not just invariance up to (possibly divergent) surface terms at spatial infinity.
These strong requirements lead to rather lengthy developments, but are worth being pursued
for at least two reasons. (i) First, the very fact that they can be successfully implemented “on
the nose”, making regularizations unnecessary, reveals non-trivial properties of the Einstein
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theory on asymptotically flat spaces. The detailed non-trivial cancellations underlying this
success teaches us a lesson about the theory which might be less apparent in approaches
where these requirements are not put in the forefront. (ii) Second, our approach guarantees
that standard Hamiltionian methods can be used and, in particular, that the symmetry
generators form a true (possibly non-linear) algebra under the Poisson brackets, which
fulfills the Jacobi identity exactly.

Even though the logarithmic translations (1.1) are not contained in it, the class of
logarithmic supertranslations that are consistently included in our approach is rather huge.
Indeed, it involves one function of the angles, as do the supertranslations. The odd part
of this function of the angles is related to the logarithmic supertranslations in time, while
the even part is related to new supertranslations in space, which become improper with
the new boundary conditions and which we also call “logarithmic supertranslations” since
their presence is related to the logarithmic enlargement of the boundary conditions. As we
have also shown, logarithmic supertranslations in space parametrized by the function U are
proper gauge transformations with zero charge.

Furthermore, the logarithmic supertranslation charges are canonically conjugate to
the pure supertranslation charges. This implies that one can generate shifts of the pure
supertranslation charges by performing logarithmic supertranslations. This remarkable
feature enables one to completely decouple in the asymptotic symmetry algebra pure
supertranslations and logarithmic supertranslations from the Poincaré generators, without
having to fix the gauge or truncating the theory.

The new Poincaré generators are invariant under supertranslations. As we have pointed
out, this decoupling is conceptually very similar to the decoupling achieved in [22-25],
but our approach is entirely classical (non-quantum). The decoupling amounts to add
to the Lorentz transformations appropriately chosen supertranslations and logarithmic
supertranslations with coefficients that depend on the charges. These nonlinear redefinitions
evade the obstructions found earlier on the impossibility to extract a natural Poincaré
subalgebra through linear methods. An intermediate decoupling can be achieved, such that
the brackets of the pure supertranslations with the Lorentz generators involve only the pure
supertranslations and not the ordinary translations.

The logarithmic supertranslations are allowed in the formalism by including in the
asymptotic form of the fields terms that take the precise form of logarithmic supertranslation
variations. This is reminiscent of the method of orbits, in which one parametrizes the fields
in terms of an orbit representative (which would in our case be the configuration with no
log-terms) and the symmetry element that brings that reference representative to the given
configuration (here, the improper logarithmic diffeomorphisms). Such a presentation can in
principle always be given for any symmetry.

We conclude this section with six open questions:

e What makes the decoupling possible between the Poincaré algebra and the supertrans-
lations is the invertible central charge appearing in the brackets of the logarithmic
supertranslations with the pure supertranslations. Such a mechanism would thus
be in principle available in any similar situation where such a central charge would
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be present. It would be interesting to investigate this mechanism in the nonlinear
context of the BMS(5) algebra emerging in five spacetime dimensions [10, 11], or in
the case of supersymmetry where a similar central charge also appears [39].

o Also of interest would be to study the analogs of the logarithmic supertranslations
in the Maxwell theory, which would be angle-dependent logarithmic u(1) gauge
transformations [33].

e One might wonder if the procedure followed to include logarithmic supertranslations
(i.e., introducing slowlier decaying terms in the metric that take the form of an
(improper) diffeomorphism) can be pushed further to include superrotations [40-42] or
diffeomorphisms of the sphere [43, 44], which would need O(1) deviations from the flat
metric. The answer to this question is not immediate, precisely because the allowed
new terms would not be proper gauge transformations but would be (if successfully
included) improper gauge ones. In that context, adding new surface degrees of freedom
might perhaps help for finiteness or integrability of the charges [33].

e Since our new boundary conditions allow logarithmic supertranslations, a natural
question is: what are the Ward identities associated with these new symmetries [45—
47]? Furthermore, in view of the decoupling mechanism, one might wonder whether
these Ward identities would provide new insightful information on “hard processes”,
or merely constraint “soft processes”, see [22-25].

e In the same vein, one would like to repeat the complete analysis at null infinity and,
in particular, write down the action of the logarithmic supertranslations there and
study their matching with logarithmic supertranslations at spatial infinity along the
lines of [9, 20].

e Finally we point out that our boundary conditions yield a Weyl tensor which contains
no log-type singularity as one integrates the equations to null infinity [20, 48-51],
since the boundary conditions differ from those of [20] or [30] only by diffeomorphism
terms to which the Weyl tensor is blind.” In that respect, it would be of interest
to extend the analysis to the alternative BMS-invariant boundary conditions of [32],
which do generically lead to log-type singularities at null infinity. A motivation for
achieving this task is given by [52].

Work along these lines is currently in progress.

Notes added. After our paper was completed, the reference [53] was posted on the
archive. That work studies how to redefine angular momentum flux at null infinity in order
to make it free from supertranslation ambiguities. It would be interesting to study the
connection with our construction.

In fact, the regularity and parity conditions on the Weyl tensor imply the boundary conditions given in
this paper if one allows log-terms in the asymptotic expansion of the metric. This is an extension of the
results of [20].

— 38 —



We should also mention the existence of similarities of our symmetry structure with
the direct product structure of the symmetry algebra derived in [54] on null boundaries.
We thank Shahin Sheikh-Jabbari for a discussion on this point.
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A 2+ 1 decomposition of the spatial metric and spatial curvature

This appendix provides useful formulas related to the 2 + 1 slicing of the spatial equal time
hypersurfaces by spheres of constant radius r. The “lapse” is denoted A while the “shift”
is A4,
1
YAB = gAB, M =GgrA, A= i (A1)

The three-dimensional spatial metric and its inverse take the form

)\2 =+ /\c)\c >\B id % —g
gi; = , g J — A A . A2
K ( Aa YAB _%‘ ’)/AB + 7’\//1\5\3 (A.2)

Here, the 2-dimensional metric y45 and its inverse 7% have been used to raise and lower
the angular indices A, B, .... The Christoffel symbols can be written in terms of the extrinsic
curvature of the spheres Kap:

1
Kap = n (=0rgap + DaAp + DpAa) , (A.3)
1
AB = N Kas (A.4)
A a4 M
I'pe =" T'go — TKBCH (A.5)
T 1 B
rA = Y (3A)\ + KapA ) ; (A.6)
1 A
I = 30A+ 5 (0aA + KapA”) | (A7)
A
T4, = -5 (aBA + KBC/\C) + DAt — AK2, (A.8)
M
T4 =\ (%‘B + 52 ) (9s)+ KpcA) =27 (D*Ac = AKE)
A AB
- 787")\ + 87")\B . (Ag)
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D 4 denotes the covariant derivative associated to y4p. The components of the Ricci tensor
can be obtained from

. 1 1
G Rup = X&*KAB +2K40K§ — KKap — XDADB)\

+7 Rap — %EAKAB, (A.10)
B R4 = X (04K — DpKE) + P RapA”, (A.11)
G R = MO K — MO4K) — NP KAKE — ADADA)
—O) RupMAE 4+ 20 R, 5A\B | (A.12)
which implies the expression
GR= ;(&K —~MouK)+"R— KAKE — K? — ;p ADAX (A.13)

for the Ricci scalar.

B Vanishing of the logarithmic divergences in the boost generator

In this appendix we show that the remaining divergences (proportional to In?r and Inr)
in the boost generator vanish. These are, taking into account that many terms obviously
vanish due to parity properties,

= 2 1 3
5Q\2) = Inr 7{ RN (29<2> + 2k )+ 0% 4939@) , (B.1)

and
1 — 1
Q) =Inr ]{ d%\/ﬁ[b(%am(skﬁé(n+55(-3h§9§+h9)+15(39§9g—92)
Ty 60 +0D AN — 2045 D 6N —0045D" A" ) HAbN 60+ 4b5 (DAvDV)],
(B.2)

(the term proportional to T in Qlog in (7.50) is manifestly zero as follows from similar parity
considerations).

The critical tool in establishing the absence of divergences is the fast decay of the
constraints imposed in section 4.

e Let us first focus on the In? r-divergent term, which reads
2 /= 2 (2 Lo 3,Bpa
j{d /g bd <29( ) ¢ 2klog(2) + 19 — 4‘9,493) . (B.3)

We can see that the quadratic terms in 84p vanish under the integral because of
parity (recall that §4p is even). Then, we must only deal with the integral

f P y/gh (69 + 12, | (B.A)
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We now make use of the condition Hiog(1) = 0 in (4.14), which allows to relate 62
with other coeflicients of the fall-off of the fields. Thus, we find that

0@ = —% 4k ) — 20BN — A plED — o+ DD g ap— Ko+ % (—30505+62)
+ gﬁgeﬁ - %Erre— %EQ—XAEAG—GEAXA + %Ewﬁ"‘hw —DanaD%0
+OADAD - 0ADP DR + %mm“ﬁ_ 04D XA +04D 4D
0D DR +0ARTE + %megﬁf‘zg
+ 41§ (ﬁ”ﬂ'ﬂfg —T Mlog +4ﬁTA7r1TOgA —l—2ﬁg7r£gA — T Mg —ﬁﬂ'log) . (B.5)

Then, the integral in (B.4) becomes

1 — —A— — 1
; 7{ Pa/5b [2h1f;g<1> F RN 4o~ DD oun + Ko+ o (30405 - 92)} (B.6)

+ % jl{ d%% (ﬁ”wﬂfg — T Tlog + 4%TA7rlrogA + QfgmjggA — T Mlog — ﬁmog) (B.7)
- ifd%\/ﬁb(;ﬁgef - %Ewe - %59 — D% - oD N4 + %EAGEAhM
_DARADP0+ 0ADAD T — 04D DR + %EA@AE —0ADP N,
+ 04D DRy — 04DoDPRS + 0ARTE + %EAagﬁAﬁg) . (B.8)
It is easy to show that the integral in (B.6) is zero by virtue of the equation for the

boost parameter DoDgb + g,5b = 0 (after integrating by parts) and the fact that
O4p is even and b is odd.

For the integral in (B.7), we can see that only the “pure gauge part” of the subleading
terms in the asymptotic expansion of the conjugate momentum, i.e.,

ﬁgzen = _\/ﬁz‘/even7 (BQ)
i = ~VT D Veven (B.10)
TAB = VG (D" D Veven — 5P AVeven) (B.11)

contributes to the surface integral. Thus, (B.7) reduces to
]f d?zb (—45,41/7{02 + 25,453wa2§) . (B.12)
If we integrate by parts, we get
f d*x [4D ab (wiss + Dprisg ) +2b (DaDprisy — mog +2Damisg)| . (B.13)

where the equation for the boost parameter was used. If we now consider the
asymptotic constraint equations EAﬂfggB + Wfo‘g = 0 and EAEBW{(‘)g + mog = 0, the
above integral is straightforwardly seen to vanish.
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Accordingly, it only remains to show that (B.8) is zero. Again parity considerations
imply that (B.8) reduces to

1 _ - — —a— B~ 4B —
= fd%\/gb(;hgaf - 5ho- DaliaD"0 + 0ADAD"h — 04D DS

1— —a— — —B— —_— 1— — A—
n §DA9DAh —0ADDRS L 0ARTRE + QDAegD"‘hg) :

(B.14)
where only the pure gauge part of hyp (odd) contributes,
—odd _ = _
hag =2(DaDpUsdd + GapUoda) - (B.15)

Integrating by parts we get that (B.14) becomes

1 - — —p— — — (O
-3 f 4?2/ Usaa {b(ZD 1D"04 — DDA 04 +2DAAD"0A — 2DcD,D D" 04

+ A DAD"03) + 04b(D"0 — 2D DD 0F + 2D D" D08

—3DpDD"08 +35D"0)|. (B.16)

Using that D 40pc = Dpfac and the commutators
[N, DploA8 = 2D — 3D 043 (B.17)
D", AD"0ap = DaD o2, (B.18)

we conclude that (B.16) vanishes (and thus also (B.8)).

o We will now show that the In r-divergent term

log(1)
+0D AN =20, 5D 5N — 50 ABEAXB) — AN 60— 4b5 (E AVEAV)}
(B.19)

]{d%\/ﬁ[b(%awak@ +%5(—3Ef0§+h9)—Errw%é(?ﬂf@é—@)

is also zero. Parity conditions of the fields imply that the above integral reduces to
Pay/ghs(20 + 262 SFR0A 1 L B.20
/g (O’+ log(l)_iAB+§ ) (B.20)

The condition H?) = 0 in (4.15) allows one to obtain an expression for ¢ in terms of
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the other asymptotic coefficients in the decay of the fields

o= —% (Qk(2)

log(1) — 2 — Ar® — 1@ + D DphPP — Ar® 4 282 4 DS By

4 %EAEMEAEW + zﬁgﬁﬁ _ 352 + WADP DA - BADADCRE - imzﬁf%
— Dahy D he + D R Dph’y — hyDeD RS + Wis SR — %Eﬁﬁﬁcﬁg

4 Zﬁcﬁfﬁcﬁg _ %Er,ﬁ - %EAEAEW + Dalh DA + 75D Dty

— Ty DN — 234D Ry — WD — WD AN —RED g + 2t

A —d A o 1 —p— —4 3 — _a_
N DD — DN DN L AN - §DA)\BDB)\A i §DA)\BDA)\B

1 — 1— - - = — - — =
+ Zefag‘ -0 ghﬁeg‘ 370~y + XD 0+ 0D X" — 05 DpX")
Ll —rr\2 —rA—r —AB— —=rr—=_ =2
ﬁ{i(ﬂ' ) 2T T T T AR — T 71’—71'}. (B.21)

Using parity conditions and the above relation, we find that (B.20) can be written as
- fd%;\/ﬁb( —2h@ —Ar® — p® L D' DpnPP &h®) (B.22)

o leo AP — A 1 A
_ j{d%\/ﬁb(zhghﬁ - ZhZ + Wy DPDah — haDAD RS - 7 Dah D'n

— —A—(— A — A —DB— A 1— —pB—r—
—DahpsD he + D Dphs — WaDeD RS + Wg S — 5D AR D
o 1 — 1 4 4 A _
+ ZDcthchg — Shehi— iDAhDAh,«T + Db DRy + BAD D ghiy,
— 2D B = hDAX" = W3 D" Xp) (B.23)

1 /1 s

2 —rr\2 —rA—r —AB— _=rr= =2\ _ =
+j{d $b[ﬁ<§(ﬂ' )+ 2T Ty + T T A — T w) 4/g DAV D V}.
(B.24)

The integral in line (B.22) is zero as it follows from integration by parts and using
the relation DDpgb + g45b = 0 fulfilled by the Lorentz boost parameters.

The computation of the integral (B.23) is bit a more involved, but the idea is again
simple. We make use of the definition of hap:

hap = (hap)®™™ +2(DaDpUsdd + GapUoda) - (B.25)

Introducing this expression into (B.23) and integrating by parts, we obtain that (B.23)
reduces to

7! Pey/g{Da[bD* (K1~ DD Ry + Kby, — 2D5X")|
+30(Ah — DD hig + Ay — 2DpX" ) Unaa (B.26)

which clearly vanishes by virtue of the subleading order of the Hamiltonian constraint.
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Finally, in the integral (B.24) we make use of the definition of the subleading part of
the conjugate momentum

T — (frr)odd _ @Z‘/even, (B.27>
ﬁTA — (ﬁrA)even . \/ﬁﬁAVevena (B.QS)
7AB = (AB)odd 4 /2 (DD Vien — 4B Viven) - (B.29)

Replacing these definitions in (B.24) and using the relations coming from the sublead-

ing order of the momentum constraint
DaTd — T4 + gy =0, (B.30)
DpmP) + 7 4+ Toga =0, (B.31)
we find that
b rr— = (= A
?{dQ:U\/?( ) +27rTA7r’" +74B7 45 —7TW7T—7T2) = 7{d2x\/§ (4bDAVD Veven) .
(B.32)

In consequence, (B.24) vanishes. Thus, we have shown that the Inr-divergence in the
boost charge is zero.

This completes the proof of convergence of §Q.

C Transformation laws of the subleading terms

In this appendix we list without comment the transformation laws of the subleading terms
in the fall-off of the fields that are useful to compute the algebra.

e Subleading terms of the metric

O¢ cihl® =Y A4 D + IO s b — 2T XA+ 204N 4 +2W hyy — Whep —2W )

T _
_TT__ -2 rr rr_ 4 74
—1—\/?(77 )+ 2f< 77(2)+3h T —hyy TAH4AAAT
—QEABﬁAB—h%”Jrh%) : (C.1)

(55 S'Lh( ) — Eyh(i)—I—ﬁij—IBEAB-I-INBEAB-FWXA—I—aAWErr-i-aAW(l) —2[1(41)
2T

\[ﬂ'A—i-f(Qﬂ'(QA—i-hm«ﬂ'A h7TA+2hAB7T +2)\B7rA—|-)\A7T —)\Aﬂ')

(C.2)
Seeshh = Lyhih+ Lihap+20aWAp) + WO+ Whap+2 (Daly) +5.5W )
T _ — —rr | — b 2 T = Y = T =
+ﬁ[27TAB—gAB(7T +W)]+ﬁ|:27TAB_hAB7rT7“+4>\(A7TB)_h’I’Tﬂ-AB
7@ @ _1p e g
_h7TAB+4h(A7TB)C hAB7r+gAB( - —ihm«ﬂ —|—§h7r

—2XAWA—EAB%AB+§EM%+ 5%%)} , (C.3)
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(55751'(7;13:ﬁyUAB+£[9AB+.CI~EAB+28(AWXB)-i-W@AB-I-WEAB-i-WQAB
2T 2T b
fﬂ-A—i_\fﬂ-logA—’_\[

R Tl 4 — P Thog 4+ 2R ABTI G + 2N BTy 4 = AT (C.4)

(27T10g(1)A + A ATy — 0Ty +20 457" B

e Subleading term of the momentum
(Sg gzﬂ'() £Y7T(2)+£]7T —|—IA r IA r aBWﬂ'AB WFTA—{—WTFIOg
+\/;(D WP+ AX 4+ DD N ~2D" DpA” - D"y, - D'R)
+YIDT (yy - B) + Y opT (3577 647 4 DX - DY)
= (~A ~ =B=A fT
+vg(X'AT-XD"DT)+ (4)\ +D hTT>+—D T (h="w)
~— — b
—\/EQBThAB—%/g:]DAT(l)—i——( TR AT A — QWTB_A)
V9
+f8Ab(h(2)A+DBk(A) ~ D"k - 2hg)\B—7hM}\ +R! —fR( o
~A  3+A—=B+

—B— 1-—
+03" + D T egD h—ith hg+D"hi24 —§hBD 0

1-Ae —pC lo— —a<B l_a—p—
"D +th)\A—fthcDB)\C+th DA)\B—fthBh,«T

4o thD P —f)\ D°D hTr—thCthr1HBDChg—%DB)\ADChg
1h§DCh§+ "D hB+1thChg+lthcﬁB—th GB—thA)\
+hBD DX’ —thD DpA —fhgpcDAA +3 L5452 fh,ﬂ,nD Ty
+3 LD, h?DAhgieCD [y DBACDAh§+ [k h—th h
D@ 1h§D“‘eB+ WD 02D N+ = DBhD by —chthAAB
—%h_D DA’ +5/\BD Dy +heD D ) (C.5)
Note that
T—T+Ty, (C.6)
T —T+Ty, (C.7)
[ - D'W + Iy, (C.8)
= 1+ Iy, (C.9)
where

~ — — -1 —
Ty = bt — (A + 2) (DaDp +3ap)

) (5 L)
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1 _
Ty = —5bh, (C.11)

~ 26,
A = Paa (C.13)
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